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CHAPTER |

INTRODUCTION

. Purpose of the study.

The analysis of the modal behavior of an elastic structure,
i.e. the determination of its natural frequencies and correspond-
ing normal modes is an important part of the actual design of the
structure. The calculation of normal modes is important for several
reasons. First, by examining the normal modes obtained and particu-
larly tﬂe positions of the modal lines, it may be possible to tell
whether flutter is likely or not, and in any case such an examination
will indicate what types of flutter should be investigated. It may
also be possible to predict whether there is any likelihood of
resonant response vibration, due to the prokimity of the natural
frequencies to the forcing frequencies of the power plant, gust
fields, etc. Further, the normal modes are commonly used for the
actual flutter and response calculations. Theoretically, any set
of independent, completé deformation modes can be used as degrees
of freedom in setting up the flutter equations, hut from practical
considerations it is suitable to select those modes which give an
accurate flutter speed when the number of chosen modes is small.
This is more likely to be the case when the modes are related to
the actual structure, as the normal modes are, than when arbitrary
modes are chosen. An additional reason for using normal modes is
that they can lat-er be compared with the resonance - test modes.

It is then understandable that the modal analysis of elastic

systems has been given extensive attention in the literature. The
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list of the various methods developed for this purpose is much too
large to be included here, therefore the next parag;aph will review
only the main conventional metheds that have been used in modal
analysis.

. Historical Background.

The first half of this century has seen a large development
of approximate methods for solving the eigenvalug problem for which
analytic solutions were impossible. 1In 1921 Holzer [1] = developed
a step-by-step method for solving the differential equation of
beams in pure torsion; this method was later extended to the case
of flexural vibrations by Myklestad [2] in 1944. At about the
same time Stodola [3] developed a method of iterative integration
for solving the differential equation, while White [4] and Crout
[S] focused their interest on finding solutions to the integral
equations by numerical integration and collocation [4] or by
collocation with assumed functions [5]. 1In 1939 Grammel [6]
developed the Complementary Energy Method which was later intro-
duced by Westergaard [7] and Reissner [8]. Alternatively, Duncan
[9, 10] applied Galerkin and Rayleigh-Ritz method to the eigen-
value problems with special polynomial functions used in the series
expansions. Various matrix methods were developed in the process:
matrix iteration [11], relaxation methods [12], etc.

Some of the aforementioned methods failed to apply to the
problems of complex elastic structures: For instaﬁce, in a Galerkin
method the comparison functions depending upon the spatial coordinates

must satisfy the boundary conditions associated with the problem



and this choice would be particularly difficult in the case of a
structure such as an airplane. In any case, all the methods that
have been mentioned so far suffer from the ‘defects inherent in
replacing a structure by a disc te mass system. Duncan has shown_
by considering the torsion of a uniform cantilever that the error
in the frequency, obtained by means of the discrete mass method is
inversely proportional to the square of the number of degrees of
freedom used. To obtain an accuracy of one per cent it is necessary
to use six times as many degrees of freedom as there are desired
modes. The accuracy for flexure may be a little better, If an
accuracy to within two per cent i» i  be achieved, then at least
four times as many degrees of freedom as there are desired modes
should be used for either flexure or torsion,

As a consequence, in the second half of this century most
of the effort has been directed towards developing new methods
in which the structures will no longer have discrete répresentations
but will be approximated in a continuous manner. Hurty [13, 14}
has developed a component modes approach for complex structures
through the use of various types of modes: ‘'rigid body modes',
"constraint modes' and '"mormal modes", the latter being usually those
of some (artificially) restrained component. Gladwell [15] speaks
of "branch modes" which are again those of an artificially restrained
component. Wittrick and Williams [37] present an algoritum for
com;uting the natural frequencies of elastic structures if tHeir

dynamic stiffness matrix K(w) correspoending to any finite set of
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displacements is known, Walton and Steeves [16] present an inter-
esting alternative analysis which deals directly with the equations
of motion and constraint., Buckling problems, which are of course,
mathematically analogous to free vibration problems,have been in-
vestigated by Budiansky [17] and Reissner [18]. Most recently,
Dowell has treated the free vibrations of a linear structure with
arbitrary support conditions by a Rayleigh-Ritz method introducing
the use of Lagrange Multipliers [19], and he applied a similar
approach to the free vibrations of an arbitrary structure in

terms of component modes [20]. The theoretical analysis presented

in this study is developed from the works of Dowell aforementioned.

. Statement of the Problems.

The intention of the present work is to point out the general-
ity of the Rayleigh-Ritz Component Modes approach using Lagrange
Multipliers, by illustrating this method for different types of
problems. |

In some cases, the problems treated have already been con-
sidered in the literature by ad-hoc methods, and their choice
was intentional in order to check the method for accuracy. This
is the case of the problems treated in Chapters II and V; in other
cases the theoretical results obtained are checked with experimental
results (e.g€. rotor blade problems of Chapter II, beam-like con-
figuration of Chapter III).

Finally, as the method is being proved accurate, new prob-

lems are investigated, as the oblique wing configuration of



Chapter IV,

A more detailed statement of the problems is now discussed.

The free vibrations of beams with non uniform properties are
the object of Chapter II; in addition to the conventiénal dis-
crete mass methods already mentioned, almost all the methods de-
veloped for this type of problems have been ad-hoc methods. For
instance, Cranch and Adler [23] offer an analytic solution for some
classes of cantilever beams with rectangular cross section by
means of Bessel functions, Conway and Dubil [24] used a similar
approach for the study of truncated cone and wedge beams, and
many other examples can be found through the literature. The
theory presented in Chapter II is valid as well for an arbitrary
variation in the beam properties along the span as for an arbitrary
set of constraints, or boundary conditions, applying at the edges
of the beam. For continuous beams with smooth non—uniform charac-
teristics, aﬁ alternatiﬁe method is developed in Appendix I. It
is a pérturbation - Galerkin method, particularly suitable for
the determination of harmonics above the fundamental.

The Rayleigh-Ritz component modes method using Lagrange multi-
pliers is applied in Chapter III to the free vibrations of a
flexible airplane with high aspect ratio components. The earliest
theoretical treatments of this problem have been based upon the
representation of the aircraft by a system of rigid masses
elastically connected, as show the works of Traill-Nash [25, 26]

and Hunn  [27]; more recently Przemieniecki [28] used the sub-

rd
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structure concept with the boundary interaction forces as unknowns
in the analysis. An interesting alternative method was presented
by Schmitz [29]; the equations of motion of the flexible airplane
are written in the form of a nonself-adjoint system (including
structural damping), which is then tréated by an eigenfunction eﬁ-
pansion, Although the analysis presented in Chapter IIT does not
include structural damping, the method can be readily genersglized
to the non-conservative case. Appendix II provides in fact an
analysis of the modal damping, also a Rayleigh Ritz component
modes analysis using Lagrange Multipliers.

The study of Chapter IV is motivated by the increasing interest
developed in the past recent years for the concept of a yawed wing
aircraft. In a recent article [30], R. T. Jones from the NASA Ames
Research Center suggested that an oblique wing configuration
can be very suitable from an aerodynamic point of view, and
encouraged in a more serious investigation of the probiem.

The concept was found interesting and resulted in a large
number of research proposals from Universities and Companies,

The Boeing Company [31] is already engaged in studies concerning
the static aeroelastic phenomena associated with the oblique

wing aircraft,and Stanford University has submitted a proposal

for the investigation of the effects of asymmetry on the

dynamic stability of aircraft . As a first step in the aeroelastic
analysis, the study of Chapter IV provides the structural material

frequencies and normal mods for such configerations,



For straight-wing airplanes where the high aspect ratio
éssumption for the wing and the tail is not satisfactory, a theo-
retical treatment is developed in the Appendik IV; the latter
components are represented by plates with uniform properties.

As a preliminary analysis, the study of the Cgpter V shows
how successfully the method applies for the two-dimensional problems
of plate vibrations. Two different examples are chosen for this
purpose; the first example treats the problem of a point clamped plate

and investigates the convergence of the natural frequencies towards

those of a cantilivered plate, as given in Reference [35]. This
analysis gives insight into the suitable values to be chosen for
the parameters (initial nb. of modes used fo: the plate in x
and y - directions, nb. of points of constraint along the plate)
so that the natural frequencies obtained by the analysis of
Appendix IV, are within a good degree of accuracy. |

The second example, which had a recént treatment in the
literature [36] by the use of dual geries expansions, is the
problem of a simply sﬁpported plate with an internal rigid line
of support. The present method is proven to be very satisfactory

rfor such problems as shown by the convergence graphs obtained

in the analysis.



CHAPTER 1II

MODAL BEHAVIOR OF BEAMS WITH NON-UNIFORM PROPERTIES

. Statement of the problem and basic assumptions.

The present chapter deals with structures of the beam type,

as illustrated below.

2

Y

We consider beams of length 2L along the x axis and we denote
by E Youngi modulus of elasticity and by I the structural mo-

ment of inertia about the neutral axis,

1= 17 Z%dy dz
Cross sectional area

The bending stiffness EI will be considered variable along the
span; the variations can be due to the geometry of the beam
(ron constant thickness or width), or to variations in the
elastic properties (variable E along the span). The theoretical
development is general and applies to all the possible cases
mentioned above; numerical results are given in some particular

cases.

The basic assumptions of the present analysis are the following:
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(as classically defined,

(1) The elastic axis of the unbent beam
is a straight line which bends into a plane curve during vi-

(2))

Ref,
{2) The elastic axis coincides with the line of the centers of

(3) Initial stress in the axial direction is neglected although
L
w’ dx

bration.
gravity of the cross sections, hence bending is uncoupled from twisting
2
2 -L

An additional termfI,f

conceptually it could be included.
would appear in the potential energy; the details of the constraint
conditions and effects on the distribution of internal shear and bending

moment require more study.
(4) The lateral displacements of the beam in vibration are

small compared to its thickness and the slope is small compared

to unity (this justifies a geometrically linear theory).
(5) The elastic constitutive equations are those of a linear

isotropic material, in other words the stress - strain relation

is given by Hooke's law.
(6) Shear deflection and rotatory inertia are neglected.

2, Theoretical background.
W (x,t) being the defléction of the beam at timé.t and station x,

The problem is considered in a variational formulation

its kinetic and potential energies are

L
T =1 / 2
7 | 3

-L
where dm is the element of mass per unit length.
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U= ET(x) ( 22w (x,1) ) 24

i 2
./ X

-L

1
2

When EI has a complicated dependence on x, the last integral is
very difficult to handle.

The present method proposes a solution to the problem by
conceptually disassembling the structure into sub-beam components
of uniform bending stiffness,

The rigourous justification of this approach is based on the

mathematical approximation of a continous function defined on a

compact set by step functions, in the following manner:

4

EL ()

Elo

- . -

—»X
For each of the substructures, the modal displacements
are sought in a Rayleigh Ritz expansion and the continuity con-
ditions are enforced by means of Lagrange multipliers.

. Derivation of the frequency equation.

The following notations are now introduced:

(EI)(H): constant bending stiffness of the nth. component, n=1, N

M(n) : half mass of the nth component

£™ . onaie length of the nth component

n
dm( ) : element of mass/unit length relatif to the nth component

w(n)(x,t): bending displacement of the ngh component
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k : non dimensional frequency parameter of a free-free beam
of uniform stiffness,
¢i {(x) : corresponding normal mode (free-free beam)
qi(n)(t): generalized coordinate of the nth component relative to
the normal mode number i.

The modal solutions are sought in the form:

o

Wen = L, Mo g
i=1
™ m
for -f <x<1

Subsequently, the total kinetic energy of the structure is:

£ )
N 5 - .
T =% nil J/ ™ x ey am™ (2)
_f(n)

By substitution of eq (1) and use of the orthonormal properties

of the free-free beam modes, (2) can be written in the form:

o

» . 2
r-1 M g, ™ (3)

L
n=1 i=1

Similarly, the potential energy of the entire beam is:

N f(n)
1
U=3 & (EI)(H) /( (thq(n) (x,t)) 2 4x
— Y2 '
n=1 w Ix
_p(®)
Substitution of eq (1) and use of elementary beam equation yields:
N ® '
T 1 ‘
n=1 i=1 1

fﬂﬂJS
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The beam-components are required to satisfy the following con-
tinuity conditions:

a) continuity of the bending displacements at the interfaces:

w(P) (f(P))=w (p+1) (_1[?“‘1)) (5) where ECP)= x..t;(p*‘l)

b) continuity of the slopes:

s @ 5 PP (6)

" x

At this point it has to be pointed out how convenient is the
choice of the free-free beam modes as 'trial" functions in the
Rayleigh Ritz expansion.

In addition to the fact that they allow a great flexibility
in expressing the various constraint conditions, their choicessatis-
fies already the continuity of the second and third derivative of
the w () at the connection points.

In the case in which the initial beam is not free at both ends,
corresponding additional constraints have to be added, as illustrat-
ed in section 4.b)

For the time being, the initia]l beam will be considered uncon-
strained without loss in generality.'

Eﬁuations (5) and (6) can be written after suitable non-dimen-

sionalization:
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Wy - WP e

: (p)(l) =1 w‘[P+1)(‘1)

1)
E(P’f

L
D
l;()

W

and further, by use of eq (1):
S e e ey
3 Py ¢,y -a; PDyo =01
; q; ) 451 - g i |
| i=1

- - U L St e e e gt

| .,hm&%ﬁ%ﬂ“iquhmﬁﬂMMﬁWMmm____z b1 N
2 P e - PP sen=0 | @
i=1 #(p) g(P+1) j
Subsequently, the Lagrangian of the structure is:
N ) N o
. 2 (n), 4 (n) 2
- ' g m*
“n=l i=1 n=1 i=1 %
N-1

vrz m g ™me - o™V o 1)

n=1 1i=l
N-1 =
poor o oun (g™ e - o ™Y s -1)
n=1 i=1 E(n) £(n+1)
where An,un are Lagrange multipliers, (9)

It is interesting to note at this point that through the use
of the Lagrange multipliers as they appear in (9), the present
method gives not only information about the modal behavior of the

beam, but in addition provides results for shear forces and bending
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moments,

Indeed; it is known in Classical Mechanics that the Lagrange
multipliers can be physically interpreted as being the generalized
forces demanded for the maintenance of the corresponding constraint
conditions. In the present case, the values of the A, and W,
n=1,...N=1 give respectively the distribution of the shear force
and the distribution of the bending moment along the span of the

beam at the points of constraint.

The Lagrange's equations derived from (9) are:

. 4 (1) :
| M(l) q (l)ct) + (E_I% (1) ki qy (t) - A1¢i(1) “¥y ¢'i(1)" 0
g 1) 3 2(1)

M gi Mgy (E%l(n) kitay ™ (e) - A0 +
2 n)3

Maop $101) wug 410D 5w #i(-1) = 0
PICY REY |

n =2 ,...N-1

MO 4y« @ @k, Meey ¢ ay 0,00 +

3
My p ¢'3(-1) =0
-1
14
roqy ™M e - ;™ s 0 e,

i=1
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2 g, W ey -, ™V@ e =0 e
i=1 E(n] E(n+1)

The last two equations are in fact the constraint equations
expressing the continuity of the displacements and slopes.
The following harmonic time dependence is assumed in the

modal analysis: . Yy
e’

£
L=t
ppitt gt

93 M ey = -q—i"(n) )
. ;‘EZ(}J
- (D) V g Ot
A (1) A (EI) e
n n (1)3 “
4
T
| 514'3
: U A - we
vo(t) = EN e o
" "W

mn = M(l) H = fE-)
ey o, W)
en ™
(n) 3
b= AW S SR B R

I
=
1
=
~
=]
it
(28]
=

(EI%(‘” B LGV PR
m(1) 133 n i
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As a first step in solving the Lagrange's equations, the
generalized coordinates are expressed in terms of the Lagrange

Multipliers from the equations of motion per se;

.

, = (1) - T e
Qs = Agh. (1) + T, ¢, (1) :
1 =17 e (1) 1 1 (10)
prpes i Wi,
G ™ = m T (DT ey D% Y, (-
F, (n) (11)

Y’n_lﬂn-l‘i".i (;l.]
£, () )

r

T - |
. (P - —
L N CIPREY 2 Y BLER PR U e D)
O i (12)

i

EI(N)

s — TSP b 4PN st P == e

Then (10), (11), (12) are used in the constraint equations
in order to obtain a set of 2N-2 linear algebraic equations in
terms of the unknown X; and ﬁh. This set of eigenvalue equations‘

is now written for convenience in matrix form:

.

4 (W).x =0 . (13)

- .
where A is the 2N-2 dimensional vector having for components An

(n=1, ...N-1) and T, (=1, ....N-1) and & (w) {is the symmetric

matrix of order 2N-2 defined by its elements b o 35 follows:
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oo 2
I 4. (1) +m (1)
i=1( 1—“11) 24 (2) )
F F.
1 1
z (1) ¢.C-1)
i=1 2% TET_Q
3« m <n-1
5 (4, Mg W) ¢+ mY, 8. (0 1)
r, (1) E
1
- & v t
i e (e, (1)
F.CE]
1

N+2 £ m £ 2N-2

i=1 - (n)
1
2
(my %5 (l) * Mpey gi (C1)
F; ™ Tk

' (-1)
3y1 )

(N>4)
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bp ne1™ = I Ther %501 %5 (-D)
= +1)

i=1 n
Fi(
A =0 n+2 <m < N+n 3
nm
A = - 5 mp¥n $i(De'. (-1
-2 i=1
n N+n-2 1 (n)
F.
i

Bn Nen-1" 151 (My'n ¢y D', )+ my wfn+14’-'-i‘(—'wii-('—l) )

(n+1)
(n)
@ Fs F.
An. N+n= 151 mn+1 Tn+1 ﬂ'l&ii";:l)
g (m+1)
i
ﬁn m- 0 n+N+l < m 3 )
s N =N-1
byog g =0 Ism g N-3 (N>4)
AN-I N-2 % - 'El mN—l ilﬂlfkljﬁ
o g, (N-1)
i
Noinog s I (m N-1£if£;JH+ E&qﬁ-z(l))
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™ g

SIS P IY S. ICRL PR P € O - R )

i=1
F. (N'lj
1

Mop v = EUmey Yy ¢i£ll—$li£l) +m
' i=1

1

A = % 2 2 2
N N l(d-"i(](.i) + m2Y2 &%1_) ]'
i=
Fi Fi
Ao =eTomiYy ¢t (L4 (1)
N N+1 i=1 :
o (2)
i
&N = 0 N4+2<m<2N-2
n =N+l ., 2N_-3 ; P = n-N+1
£ = A already defined for 1<m<N ;
nm m
A = by
np oL

g (P)
1

N YN¢1('1)Q'-_(_:_D )

r, M)
1

N+1 <n<2N-3

(MY, 33 00e (1) +m Ly oo (GDg" (-1)
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An pe1™ - z Mo+l Tp+l 99138 (1)

g (p+1
i
An s 0 P+2 <m< pP+N-3
A N NI s,
n N+n=2~ np ieme- il
i=1 ™
gD
i
@ 2 2 2 2
Bp Nep-17 I (mp¥p £1501) * Mg Vpey 4500 )
i=1 g (P) g (o+1)
i i
4n N+p~ ~ 'El Mn+l p+l #'3(1) #'5(-1)
- p (p+1)
1
Anm=0 NMpel <« m < 2Ne2
oo 2 2 2 2
A . m, .Y o' (1) +m v 6'.(-1)
ZN-2 2N-2 ;g ( N-1N-1 F.(ﬁ'l) NN 115.—@))
1 1
Equation (3) leads to the frequency equation
det (A (w) ) =0 (14)

which is the necessary and sufficient condition for existence of
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solutions i;, ﬂ; n=1,,,..N-1 b s s

This equation cannot be solved analytically ekcept.#;ybe f;r
very small values of N ; numerically, the fastest and simplest
method to use is a trial and error approach, The left hand side of
the equation (14) is plotted against the variable w ; if two successive
values of w make the left hand side of (14) change sign, then one of
the natural frequencies should be between these two w's,

This is a quite straight forward operation except for the fact
that care should be taken to decide whether the change in sign cor-
responds to a valid solution (i.e. a natural frquency of the beam)
or to a natural frequency of one of the components. Such types of

situations are illustrated below:

ot e - —— —

062y

Foo—~
%
i

N

— o A — e

The accuracy of the natural frequency can be made as high as

necessary, provided that the 2 successive u's are close encugh and

v
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that the values of the left hand side of equation (14) are close to
ZE€TO0.
For each natural frequency the Lagrange multipliers are then

determined from equation (13) up to multiplicity, for instance the

ratios X, n=2,...N-1 and u;' n=1,...N-1
A M

can be determined.

Subsequently the generalized coordinates for each component are
determined from eqs. (10), (I1), (12) and then the corresponding mode
shape as given by equation (1).

. Numerical analysis.

a) A simply supported beam of variable geometry.

The present analysis treats the case of a stepped beam, simply
supported at each end as shown in Figure 1.

The variation in the bending stiffness is due to the variation
in the thickness of the beam and the geometry of the problem suggests
to consider two components. As mentioned previously, the theory
eitends to the cases where the initial beam is constrained at the
ends; in the present problem two additional constraint conditions

have to be reinforced, namely

Wt =0
For the sake of simplicity it is assumed that 1, = 1. and that

1 2
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the cross - sections of the beam are rectangular, without great loss

in the generality of the problem. The analysis is developed in two

steps: the first step provides a check on the method for accuracy
and convergence, the second step provides the functional dependence

of the fﬁndamental frequency with the ratio h(z) .
L (D)

In the particular case in which n(2 - 1, the problem reduces

H @D

to that of a uniform beam simply supported at the two ends for which

the modal behavior is known analytically; in particular the first
2 2

three non-dimensional frequency parameters are wy= T, w, =477, w, =97°,

3

In a first analysis, the convergence of the natural frequencies of the
beam towards the above values versus the number of modes used per com-
ponent has been investigated, and the numerical results are presented

below in tabulated form:

Table 1: First natural frequency
# modes used total # of ) percentage
per component  modes ____E__' ETroTr

3 6 ‘ 11.94 21.6%

4 8 11.05 12 %

6 12 10.16 3 %

8 | 16 9.918 0.5%

10 - 20 9.898 0.2%
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Table 2: Second natural frequency
# modes used total # of v, percentage
per component modes error.
3 6 53.68 36.7%
4 8 45,01 14.9%
6 12 41.06 4.7%
8 : 16 39.835 0.9%
10 20 39.64‘ 0.4%
Table 3: Third natural frequency
# modes used total # o we percentage
per component modes ' : error
3 6 151.89 71 %
4 8 103.93 17 %
6 12 04.16 6.3 %
8 16 90.25 1.58%
10 20 89.71 0.87%

The results given in Table 1 are plotted in Figure 2; it can
be seen that the first natural frequency converges rapidly fowards
ﬂ2 and that the rate of convergence is very steep especially at the
begining. Figure 3 represents a graph of the percentaéé error
in w, versus the number of modes used per component; it can be seen

by extrapolation that in order to reach the accuracy in w, corres-

ponding to 10 modes per component, it is necessary to consider in
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this case two additional modes for each segment.

Figure 4 provides a picture of the rate of convergence in the
third mode; in this case 14 modes are needed per component in order
to reach an accuracy of 0.2%.

This analysis is somewhat similar to the convergence analysis
in the classical Rayleigh Ritz method; moreover all the numerical
natural frequencies obtainéd are higher that the exact frequencies.
Another important convergence parameter is N (the number of com-
ponents into which the structure is conceptually disassembled); the
rate of convergence versus N in the fundamental mode has been in-
vestigated in the check case of the uniform beam. The results are
shown in Figure 5; 3 free-free modes are used for each component,
Although the graph shows rapid cohvergence, the results cannot be
interpreted in a self-contained manner. The reason is that even
with a fixed number of modes per component, the fact of increasing N~
has the effect of increasing the total number of modes considered
and hence of improving the convergence.

As a consequence, the total number of modes considered has to
be chosen as a common parameter although it is not controlled direct-
ly in the method. The comparative rate of convergence is shown in
Figure 6; it can be seen that for the same total number of modes,
better results are obtained when for a fixed number of cbmponents
(N=2} the number of free-free modes per component gets larger. The
reason in this case is that there is 'no need" in fact to increase

the number of components and thus making N¥2 adds no physical improve-
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ment. From the numerical point of view, increasing the number of
modes corresponds to simpler operations than increasing the number
of components. By considering additional modes per component we
are only increasing the number of terms in the series giving the
'4ij (), while an additional number of components correspond to an
increase in the size of the matrix A (w).

Operations of the first type are handled by computer with higher
accuracy than computations of determinants for instance, for large
size matrices.

It should be mentioned that the present convergence analysis
app%ies only to this check case and therefore gives only an insight
to how the convergence problem should be handled; general conclusions
about convergence will be developed in the next paragraph.

The study of the case h(z) = 1 is completed by Figure 7 and 8.
(1)
h

Figure 7 shows the first mode shape and the orders of magnitude of
the shear force per unit length and bending moment per unit length
at the mid-point; Figure 8 shows similar results for the second mode,
- There is very good agreement with the classical sinusoidal shapes.
This concludes the study of the check case; in the second part of
the analysis the change in the fundamental frequency with the thick-
ness ratio is investigated,

The values of the non-dimensional frequency parameter wy are

plotted versus the ratio H = h(l) in Figure 9.
2)
B

P4
For h{1) > »(2) the frequency parameter is based on the character-
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istics of the first component, for h(l) < h(z) g is based on the
characteristics of the second éomponenf. The reason for this choice '
will appear clearly as we proceed.

The Figure shows that for n(1) h(z), as H increases the funda-
mental frequency decreases from the value 9.898 (i.e. nz) to zero.
The first value correspond to the previous analysis, the second
value correspond to the limiting case of a uniform beam simply sup-
ported at one end and free at thé other. In this limiting case the
fundamental frequency is zero and corresponds to a rigid body rctation_
of the structure. The monotonic variation of Wy with H checks our

physical intuition; given the two beams illustrated below:

7 ’/J 777 7)

it is expected that the resonant frequencies of the right-most beam

be lower than the frequencies of the beam at its left. The configu-
rations for which h(l) < htz) correspond to the previous configurations
by mirror-symmetry and hence the physical resonant frequencies should

be the same for two beams of respectives thickness ratios Ho and 1 .
Ho

If we switch the "reference beams" on which the maferial frequen-
cies are based, the same argument holds for the non-dimensional fre-
quency parameters and this provides additional checking for the method
and numerical work. This is the reason for which the fundamental

frequency parameter w; 1is based on different components in Figure 9,
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The Figure shows very good correspondence of the frequencies in the
mapping of [1, «] into [1, o].

An additional checking of the quantitative results of Figure 9
can be made by considering Figure 9 (bis). The variation in Wy based

on h(l) is represented as function of H = n (1) and it is seen that
2)
n

for H = 0 the obtained uniting value for Wy is 15.6. This limiting
case is that of a uniform beam simply supported at gne end and clamped
at the other, for which the first natural frequency has fhe exact
value of 15.418; i.e. only 1.2% lower than the numerical value pre-
dicted by the method.

b) A non-uniform helicopter rotor blade (cantilivered beam).

The choice of the present model is related to a more general
investigation of the effects of distributed blade properties on the
stability of hingeless rotors, done by Professor Dowell and Professor
Curtiss at Princeton University for the NASA Ames Research Center.

This project is of recent interest (1973} and includes extensive
theoretical and experimental developments.

In the first part of the investigation, the main interest has
been focused upon a theoretical study of the structural modeling and
determination of natural frequencies of a rotor blade with large
changes in stiffness distribution. The classical Rayleigh Ritz method
using an assumed Duncan polynomial shape (Ref.(38)) fails to give
accurate results if the blade non-uniformity is severe; therefore

the results of the method developed in the present chapter will be
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compared to the results of a more accurate method developed by
Professor Dowell, which is an initial value approach to boundary
value problems (IVBV)}. An experimental value of the fundamental
natural frequency is also available. The non-uniform rotor blade
under consideration has the following characteristics:

Total length: 48 inches

Span bending stiffness mass per unit length
0 - 4 in 3 x 10%1b x in? 0.52x10"°1b x sec’/in?
. . 2 -4 2,.. 2

4 -14 in 24,400 1b x in 0.66x10 "1b x sec”/in
. . 2 -4 2,.. 2

14 -48 in 3,276 1b x in 0.35x10 "1b x sec”/in

The fundamental natural frequency of this blade predicted by

different methods is given below:

Rayleigh Ritz Myklestad IVBV Component Experiment
method using (Ref. modes using
Duncan polynomials (49)) Langrange mult.
6.7 cps. 4.45 cps. 4.36 4.37 cps. 4.4 cps.
cps.

The IVBV and component modes method using Lagrange multipliers
are seen to provide the most accurate results and shall be considered
for further comparing the next two resonant frequencies., A summary

of the numerical results is given below in tabulated form.

Natural Prediction of Prediction Percentage
frequency the component of IVBY disagreement
modes-Lagrange  (Rof, (49)) '
fundamental 4.37 cps. 4.36 cps. 0.23%
second 24.6 cps. 24.2 cps. 0.16%

third 61 cps . 59.3 cps. 1.125%
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The fundamental mode shape is shown in Figure 10 as predicted
by both IVBV and CML methods; the figure shows good quantitative agree-
ment - the largest deviation of 0.07% occurs at around 31 in. from
the clamped end. Similar results are shown in Figures 11 and 12 for

the second and the third mode.

5. Discussion on accuracy and convergence of the method.

The question which most naturally arises when the method is
to be applied to an engineering problem is that of the optimal choice
of the number of components and of the number of modes per component,
in order to obtain good numerical results with minimum computational
effort., It is obvious that no general answer including all possible
cases can be given to this question; furthermore the complexity of
the problem is such that for most of the cases of interest there is
no analytical answer.

The purpose of this paragraph is to develop a two-step procedure
that can be called '"modes-component selection" in order to provide a
satisfactory answer to thé above question.

The procedure is illustrated on an arbitrary case.

The stiffness distribution along the beam span is assumed to
vary as follows:

Exixr &

roEt - - — — — el

(42 | g3 (3)
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¥

The method consists in:

(1) Determining first an order of magnitude of the natural frequencies.

For this purpose few components are considered (in order to keep
the size of the.eigenvalue matrix small) with no restriction on the
number of modes per component. The number of comﬁonents is difectly
related to the rate of change of EI(X); for instance region (1) can
very well be represented by only -one component, region (3) could have
similar representation within reasanable approximation, but more than
one component should be used in region {2}.

For the purpose of obtaining only orders of magnitude of the
frequencies) two or three components should suffice in region {(2}. Thus
in a first analysis a 4 or 5 components approximation is taken for
the initial beam, which keeps the size of thé matrix & of the order
of 6 or 8,

Additional saving in computer time can be made by noticing that
the component in region (Sj is much stiffe; than the other components
Thus meost of the bending will occur in regions (1) and (2); region (3)
is expected to have predominantly rigid behavior. As a consequence,
less free-free modes need to be used for tﬁat component than for the
others.

The orders of magnitude of the natural frequencies are now

determined, and we proceed to the second step.

(2) Improving the solution in the neighborhood of each natural frequency.

This is realized by first improving the modelling of the beam,
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i.e. increasing the number of components in regions (2) and (3) for
instance,

A reasonable way of improvement would be for example to consider
aboﬁt six components in region (2) and two components in region (3). At
this point the size of the eigenvalue matrix is increased and thus
more computer time is needed. A way of compensating for this dis-
advantage is to make use of the information provided in the previous
analysis in order to decrease the number of modes used per component .
to the strict minimum needed.

The selection of the modes which are to be used for each com-
ponent is ma&e on the basis of the order of magnitude of the corres-
ponding natural frequencies compared to the orders of magnitude
found in the previous analysis!

Such a selection can decrease the number of modes used quite
considerably without any significant loss in accuraéy.

Mathematically, this selection can be justified by the fact that
only the reasonably small Fi(nJ are to be kept in the analysis. Their
inverses provide the main contribution fér the expression of the
Aij(w) and hence for the frequency equation.

It can be anticipated that if problems of non-uniform plétes
were to be treated, a more accurate solution would be obtained by
increasing the number of components rather than the number of modes
per component. The reason is that generally only approximate numeri-
cal solutions are known for the modes of an unconstrained plate and

that the precision decreases as the modes get higher. Therefore it
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is better to increase the total number of degrees of freedom for the
plate by increasing the number of componens rather than considering

higher (approximate) modes.
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CHAPTER III

MODAL BEHAVIOR OF A SYMMETRIC FLEXIBLE AIRPLANE

WITH HIGH ASPECT RATIO BEAM-LIKE COMPONENTS.

. Statement of the problem and basic assumptions

The type of structure considered in this chapter is a flexible
airplane with a high aspect ratio wing,

There are many various possible models which can represent such
a structure, every one of these presents advantages and inconveniences.
When the problem is modeled very close to reality, the components are
repreéented by fairly complicated elastic structures for which the
normal mﬁdes and frequencies are only known with a certain degree of
approximation. - These initial errors propagate up to the final result
and there is no guarantee that the modal behavior is determined more
accurately in such analysis. On the other hand if a simpler mathe-
matical model is chosen to represent the structure, the natural fre-
quencies and mode shapes can be determined more accurately but the
resemblance between the physical and the mathematical problem may be
slight. The choice between the two alternatives has been made on the
basis of simplicity and clarity of the formulation and taking into
account the fact that the errors due to physical simplifying assump-
tions are easier to determine than mathematical errors propagating
with the computations. Therefore a simple mathematical model has
been chosen to represent the problem. The afrcraft is considered to
be made of substructures (fuselage, wing, tail) which have been approxi-

mated by beams of uniform stiffness as illustrated in the following



figure:

If "yawing-type'" motions (i.e. bending in the y-direction) were
to be considered the rudder should be included as well; for our pur-
pose (transversal bending of the structure}, it has been neglected.

The basic assumptions are summarized below:

(1) The airplane structure is considered to be‘of the beam type.

(2) The displacements of the beam componénts are governed by the
classical one-dimensional equations (in particular, Bernoulli-
Euler equation for the lateral bending).

(3) The geometrical and elastic characteristics are constant along
the span for each component. This last assumption can be rélieved
using the approach of Chapter II.

. Rigid body analysis (small amplitude motion about the initial con-

figuration)

Notations:
Ro: Gallilean frame of reference
G: Center of gravity of the structure

- .
I' (G/R ): Acceleration of the center of gravity with respect to R
0 ) o
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/M yaw angle in the rigid motion
g: roll angle in the rigid motion
$: pitch angle in the rigid motion

(¢, 8, ¢ are the classical Euler angles)

fi ((8)/R ): angular momentum of the structure with respect to R
0 o
Il’ 12’ IS: principal moments of inertia

In absence of exterior forces Newton's law yields.

-+ -+
(total mass) . r (G/RO) = N (15)
This relation decouples the translations in the three directions

from the rotation motion abound the center of gravity.

For zero exterior torque the angular momentum equation is simply:

-

d ; (YR Y =0 - (16)
Et H o

> -
Because of the symmetry of the structure, x y z are prin-

¢ipal axis of inertia with respectif moments of intertia Il’ IZ’ 13

and therefore the linearized equations of motion of the rigid body are:

I,9 = 0 (17)
6 =0 (18)
I, = 0 - (19)

This set of equations shows that the roll, yaw and pitch motions

are all decoupled from each other and that the corresponding natural

frequencies are zero.
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The same type of considerations apply in the elastic domain be-
cause of the symmetry, as will be seen in paragraph 3.
The study of the decoupled motion of 'yaw-type'' is not included

in the present analysis, as mentioned before.

. Elastic modal behavior ; derivation of the frequeney equation

a) Statement of the elastic problem:

degrees of freedom, derivation of the constraint equations

As the motions investigated are of both roll and pitch type,
each of the substructures has to be allowed to undergo transverse
bending and twisting as well.. Although it is sufficient to con-
sider only rigid twisting for each component, the analysis will be
developed for the general case in which the torsional stiffness
of each conponent is finite. The previous case will then be a simpli-
fication of the latter.

We develop a Rayleigh Ritz analysis by defining:

- for the fuselage: -L< x < L

The bending displacement W (x, t) sought in the form:

Wox, t) =F LN RNNEY (20)
n=

The twisting angle. o (x, t) sought likewiée:

e (x, t) = §=1 P () 8 (x) | (21
- for the wing: - fl <y 2 21

The bending displacement Wl (v, t):

oo W oy m - (22)
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The twisting angle @ 1 (y, t):
0, v, 0% » W)y 6 e
- n=1 " n

- for the tail: - Ib < y < 1

The bending displacement W2 (y, t):

W, o0 =5, 4, ® e v | (24)

The twist angle 6, (v, t):

o, b=k PP e o (25)

The physical displacement of each component, respectively at y = + ¢, x =

X +¢C, x=x -x + ¢, is given by:

1 1 2 1 2
thys (X, t) = W [X, t)‘ + ¢ 'O (xs t) (26)
vphys O O =W 0L ) ey 0y O, 1) (27)
dphys 05 ) =W, 0, £) vey 0, O, D) (28)

Where c, c; €, are the half chords of the respectif components.

With suitable non-dimensionalization x = L £ eq. (26) yields:

wEhys (£,t) = W Et) + ¢ e (&, t) (29)
L L L

and by similar changes of variables

y = fl nandy = f2 n for equations (27) and (28) re-

spectively, they become:



Wl phys (n, t) _ Wl (n, t) . El. 6y (n, t) (30)
fl L I
and
w2 phys (n, t) _ w2 (n, t) . c_2 ©, (n, t) (31)
L, L L

In agreement with the one-dimensional treatment of each substruc-

ture, it can be assumed that ¢, Cl and c2 are negligibly small,

L i‘l f;,

in ®act small enough so that

¢ o (&, t)<<l for any ¢ -1 <g <1
T =z
4 @1 {(n, t) <<1 for any n -1 <<l
11

c2 @2 (n, t)} <<1 for any n -1 < n <1
1,

As a consequence, the corresponding second terms. will be neg-
lected on the right hand side of equations (29), (30), (31). The
physical displacements at the joints between the components must be

equal, and this leads mathematically to the constraint conditions:

thys (€ t) =W, phys (0, t) (32)
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Wonys (S20 B =Wy pog (0, D) (33)

or, by using (29}, (30), (31):
W (El, t) = Wl (0, t) ' (34)

Wy t) = W, (0, t) (35)

- >
The equality between the slopes in the x and y directions has also

to be enforced as part of the constraint conditions and leads to the

equations:
0 (&, t) = 1 3 (o, t) - (36)
e
o (g5, t) = 1 oW, (0, t) | (37)
£, an

for the continuity of the slope in the x - direction, and similarly

1 W, t) = - 0 (0, 1) (38)
L 3¢

1L W (g, t) = - 0, (0,1t ' (39)
L 3¢ '

for the continuity of the slope in the y - direction.
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b) Derivation of the frequency equation

The total kinetic energy of the structure is

L L 1’1
2 s 2 Py 2
T=1¢( ", t)ydn+ "1 © (x, t) dx +J W %@y, t) dm
2 -L -L -11
b 2 L )
T % ey +f WS (v, t) dn,
-1 -T
1 2
2 © 2 o .
#1195 s 1) Ay ) (40)
-1
2

where I, Il’ 12 are the fuselage, wing and tail mass moments of

inertia per unit length about the torsional axis. In particular

I = qus I (y2 + zz] dy dz

fuselage
cross-section

Lo=f Bl (x2 + zz) dx dz
wing X
wing
cross-section

12 tail . {(x™ + 2%) dx dz
tail
cross-section

By substitution of the corresponding expansions for each of the

bending and angular displacements and because of the orthonormal
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property of the bending and twisting modes, equation (40) becomes:

= . o . o 2
T=1(MZEI an (t) + T LE P2 (t)y + M, £ g (1) (t)
ol n 1 n
2 n=1 n=1 n=1

w 2 © o, 2
+ § € = Pn(l) (t) + M, rxp qTEz) (t) + ¥,

oo " 2
QN OE [
n=1 1 n

—

vhere
M, Ml’ M2 are the half masses of the fuselage, wing and tail re-
spectively (i. e. mass/unit length x half length)

Likewise, the total potential energy is the sum of the potential

energies of the components:

L L

U=1 [EI;(@)de+GJf(ao_)2dx+
] L2 L
X X
14 (]
1 2. 2 - 1 2
(.EI)1 J (B WB dy +_(GJ)1 f‘ (3@1‘ dv +
"11 3y -11 Ay
, f
( ET) IIZ 32w, 2dy + (GI). f P op? ] (42
2 (‘=2 ¢ 2’ T2y )
-12 oy -EZ ay
where

I, Il’ 12 are the corresponding structural moments of inertias

about the neutral axes given by

I= /I 22 dy dz

fuselage
cross section
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I1 = IS 22 “dx  dz

wing
cross-section

1. =1 z% dx dz

2 tail
cross-section
E and G are the Young and shear modulus of elasticity (related by
G=E ) and J is a constant which value depends upon the
2 (1+v)

shape of the beam's cross-section.

In particular, useful values of J are tabulated in Ref. (39}.
(GJ) is the classical twisting stiffness.

By expansion of the bending and angular displacements and use of

the corresponding beam equation, equation (42) leads to:

- w 222
v=1(e1 ¢ k%Q’MW+e 1 @D Pn B
Z L n=1 L n=1 4
oo 2 o) 2
€D, ke, W e, ¢ oeen? e Wl
L7 =l £ on=l 4
w© ‘ 2 ) 2
€n, © k' Pwee, = an? e @y Hias
I23 n=1 n EZ n=1 4 " ,

The constraint conditions have been previously derived and they

are given by equations (34), (35), (36), (37), (38), (39). Substitution
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of the displacements in terms of the component modes yields:

i (1 -
P Q) (8 ) m g (1) 6y ) =0 (44)
n=
" S q. @ 0) ) =0 (45)
z (Qn (t) ¢ (&, ) a, (t)y ¢ (03
n=1
i | g ) ' -0 (46)
I (P, (t) 8 (& )-aq (t) ¢' (0))
n=1 n {
1
= o, () i =0 (47)
Loo(P (t) 8 (&) -q (£) ¢' (0))
n=1 n f{
2
o . (1) - (48)
I(Q ()e' (&) +P Y (e) 8 (0)) =0
n=1 L
Do) e, () + B B )8 0)) =0 (49)
n=1
L
The Lagrangian.of the total elastic system is then:
6 . th .
L=T-U+71Z Ai x (1 = constr. equation) (50)
i=1

where T and U are given by equations (41) and (43).

As mentioned in Chapter II, the Lagrange Multipliers provide
effective information, namely:
M and Az give the shear forces developed at the joint between the
fuselage and wing and at the joint between the fuselage and tail
respectively, in motions of plunging tyne,

AS and A4 give the torque developed at the two joints respectively,
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in motions of rolling tyvpe.
AS and ks provide similar information for motions of pitching type.
-By use of equations (41), (43), (44) - (49), equation (50)

leads to the Lagrange's equations

MQ (1) g%kn“ Q (1) = Ay o (E)) = Ay () -
L' .
s 8T (ED - g 81 (Ey) = 0 | (51)
L L

LLP (1), (G]) -2 2P (1) A e (5)

L 4
= 51 bis)
A4 @n (Ez) =0 { i
M, q.n(l)(t) + (ED), kn4 qﬁl)(t) +h 6 (0) + ii $' (0) = 0 (52)
3 ?
£ £
1t pn(ll(tJ + (GJ)l{n-l)le pn(l)(t) - kg 8,(0) =0 (53)
£ 4
1

3 —
f2 | ;_2
]212 r;r;(Z) (t) + (GJ)Z(H—].)Z :lT_‘2 Pn(z) (t) - AGGH(O] = () (55)
§ 4
2

The harmonic time dependence in the normal analysis is taken in the

following form:



Q, (t)

a, V)
e, P
P_(t)

p Mg

(2)
LIRS

Az(t)L

4

N

A (1)
O]
g (1)

Ag (T)
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-1
qn( )
— (2
qn( )
. b
p
n
Xe
P_(1)
b (2
n
J
i
_
1 (ED),
- [ x
A 3 e
2 1
J 1
T )
3
i
% |
= (EI) .
X 1
__5 X 3 e
% 1,
J

1/2
(ED),

ML

en, V2

(— et

M4

and the following notations are introduced:

M1 M
My =
1 'y
Mily
Vo= T
1 |

2y 1y 2
M1 L : ) M. L

\.] - T r—— = ————

2 X 3



yed
n

()
n
e (3
n
P ()
n
g (5)
n

F (6]
n

1
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GJ (6J),
11’ ; - 1,
(BT), SOTTED;
3
M4 i h
(G,
)
; 1,1
5
(ET),
- 3
M L
81 kn4
4
P 4
n
L (n—l)zj?
4
4
¥y kn
vy (n-1)%r?
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The generalized coordinated are then expressed in terms of the Lagrange

multipliers as follows:

Qo= -w (X e (8 + %, 0 (80 + g vy 47,08 +
p (1)
n
IG Y, o' (8 ) (56)
p ()
P = -vp v (R, (8) + T8 (5)) ) 7
p (2
el
R AN ORI () (58)
e (3)
n
= {1 -
pn( ) oo vY; g 6 (0) (59)
r (4)
n
- (2 _— - |
a, ) =, (%, 60 4 Yy Yo 6 (0) ) . (60)

p (5)
n
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p (2 .

n - Y1 Y2 V3 rg @ (0) ’ (61)

g (6)
n

Note that Pn(lj and Pn(z) are proportional to Bn(O) and hence they have
zero value for all the odd modes; as a consequence the angular twist for
the wing and tail has an even distribution along the span as expected
from the geometrical symmetry.

The eigenvalue equations are found by substitution of equations
(56) - (61) into the constraint conditions (44) - (49) and form a set

of six linear algebraic equations in the i& given by:

o0

E Cup (7 0% (6 + %, ¢ (1) ¢y () + X vy o () ¢ (&)
n .
‘ P (D)
n
fTe (e 4 ) v T et ) ) (62)
(1 3
Fn' o
© _ - 2 -
DG O ey (6 ¢ Ty 60, Tovet () 6 (6 +
e (D)
n
Te¥10a(6) #1002 )+ w6 20) ) (63)

(1) 5
]:‘n Fn( )
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(65)

- T Y y 2 =
DGyyvy (T 0 %06 + T, 0 (£) 8 (£,) ) + Ty ' 2(0) ) = 0 (64)
n=]
2 (3)
Fn( ) P
D (vyvy (T8 (6 6.(5,) + X0 2(5)) ) +
n=1 :
p (2
n
e I ()
- =0
F, ) |
EooGp vy CRpep(e) 97 (80 + %, ¢ (85) o1 (6)) + Keyy
n-1
g (1)
n
v 2 3 ' ' - 2
$h (B1) + hgyy ¢'n(E) 67 () ) + Yvp As 9,70 ) . (66)
F (D g (4
n n
x 1(u1 LERES I N (3} O E) + Xy 6 () ' (Ey) + X vy
n=1

e (1)
n

0TL(E) ' (5)) + Ry,

O (5 )+ vyryvg Ree 20) ) ) 67

(D)
n

b (6)
n
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or, in tensional form
>

Aw) . A= 0 (68)

>
where X is the six-dimensional vector of components Ai and

A{w) 1is a symmetric tensor of order six which elements in matrix

representation are:

2
(g) + 9,0 )

e (D p (3)
n n

B0 =L Wy o, (810 ¢, (&)

n=1
e (D)
n
b1z = f3q4 =0
M5 = Iy (890

ey
It

big = i My vy (8 @' (E5)

g (D
n

Gy 6.7+ uy 4.200) )

(1} (5)
F _ F

22

£=
1]
=2 e 1



23

25

26

33

34

35

44

45

55
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Hp Y o' (840 ¢, (8)

e)
n

) MM on (650 o' (85)

g (D)
n

(rp vy 0,260 + ¢ 20))

p () g (3)
n n

Yivr B8 e (8

e)
n

TN CURITE RO

e g (5
n n

b T L T

B 46

=t 8

2 2
(g, ® 5D+ vy 8 20 )

(1 4
Fn Fn( )
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> 2 [ ‘r '
A56 = I Ul Yl ¢ D(EI) ¢ H(EZ)
‘ n=1

e (1)
n

. o 2 2 2

beo = Z=1‘( By Yy 9T T(E) 4 vy vy ve  8.7(0) )
p (1) . r (6) .
n n

Equation (68} has solutions only for the values of « for which

det (Ao ) = 0 D - (69)

and these values are precisely the non-dimensional resonant frequencies
of the structure.

Eq (69) can be written more expliéitely,

Ay b O 0 A5 By
Blg By O 0 835 By
0 0 bag gy O 0 = 0
0 0 bag Byy O 0
bis %35 O 0 B Bgg
b6 P26 0 0 B By
or, by simple algebraic manipulation,
511 b1z - Bys 16
2
(B33 Baq _ 834)
12 b2 A5 b6 -
b16 Ao6 b5 866 (70)
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The decoupling between the rolling and pitching type of motion
found where the rigid behavior was investigated is also valid in the
elastic domain as shows equation (50) and therefore the two types of
motions are to be studied separately.

The natural frequencies of the motions of rolling type are solutions

of the equation

2

Bag )

(A

33 By - =0 7D

In such motions the fuselage undergoes only angular twisting and
the wing and tail undergo anti-symmetric bending.

The pitching type of motion has natural frequencies given by :

51 12 b1s 816
b2 822 Bas.  Bag = 0
b1s bag Bes bog
%16 526 Bse 66

The fuselage bends only, while the wing and tail bend and twist as

well.

¢} Accuracy of the method

As part of the analysis relies on numerical computations, the

question of accuracy is a consequence of precisely these computational

eTTOTS |
The sources of error are:

1) The fact of considering a finite number of modes for each component
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in the Rayleigh-Ritz analysis
2) the fact of solving with approximation the frequency equatignﬁ
det (& (w) ) =0
3) the fact that the various computer subroutines wused in the numerical

analysis have errors inherent to the way in which they have been

written.

This last typerof errer can be eliminated by using Double Precision
in the computation or Ektended Precision if needed, and hence will not
be accounted for in the accuracy analysis..

Let det Aij(N)(w) be the approximation of Aij (w) when N ﬁodes

per component are considered. Then

b5 @) = ASE;J (@) + g5 (@) | (73)

where eij(m) is mainly the next-order term in the serie giving Aij (w) i.e.
the term due to considering'the th + 1 component modes. These érrors
propagate into the determinant in a way which can beldetermined by :
.substituting equation (73) into equations (71) and (72) respectively.

For the motions of the rolling type this substitution yields:

M) Ny Ny2 ™) - (N)
(g™ 7 By Bga 7] Bggt ey, t AMCN) 33 " 2hgy TEgy t

higher order terms = 0
which can be written in the form:

Det ™) + E(N) = 0 (78)
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where

&), N, M)

N) _
Det ¢ = ASS 44 34

is the determinant actually computed in the finite mode - approximation and

B0 L M, 00 ™)

33 Fay 44 33 3 44

is the truncation error.

Hence, instead of solving the exact frequency equation, one solves

in fact

pet ™) () = o (75)

Furthermore, the numerical solutions Wy do not satisfy equation (75)

exactly, but satisfy in fact

pet ™ @) = e (76)

where the values of £ are known and inherent to the trial

and error process, Therefore the question that naturally arises

is: pgiven the numerical érrors listed above, how different is

the eéxact solution wn(e) from the solution W, actually

computed?

Let wo(e) be an exact natural frequency satisfying equation (719,
w, the approximated value of MO(e).
Let

- ™) )
Det (w) = ASS (m)A44(u) - A34 (w) = Det fw) + E ()

A 1-term Taylor expansion of Det (wo(e)) gives:

Det (wofe)) = Det (u) + (wo(e) - w)  3Det

aw W =
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and since Det (mo(e)) =0,

(e) ) Det (wOJ

aDet
I ow I w

[

et M) g (V)

All terms in the right hand side of equation (77) are known:

e, as mentioned before is known in the trial and error process of
solving DEt(N)(m) =0,

E(N)(“o) = A33(N)(“’o) €44(0) +A44(N)(wo)€33(”o) - 2A34(N)(m0]

534(wo]
can be explicitely computed from the values of the Aijﬂq) and Eij
which are known,
N) 3. (N) (N) (N) A, (N)
3Det .
| |- =2 Bag  Tlug) * bggmTlug) 447
dw w=w I wsw 3w w=w

-2 8, ™ () s

34

oA w= W

is then explicitely known, and so is
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(N) _ an_ . (N} {(N) 3s44
L W= dw m=m0 dw =wo
aA (N} - (N) Be
T sl e gy =
o W=w W w=w
(o] o]
_ A, (N) ) (N) e
2 B egleg) - 205, (e 34
dw W=w dw W=
0 0

Thus, equation (77) gives an analytic determination of the first order
error for the natural frequencies in motions of the rolling type.

It is interesting to note that equation (76) also shows that

| (e) _

n N | increases with n , i.e. the lower modes are obtained

with higher accuracy for a given number of modes per component. This

fact is expected, in a way similar to the convergence in a pure Rayleigh

Ritz analysis.
This statement is proven as follows:

The A..(N) {w) can be written in the following form:

1]
ij
4 N C ..
s, Mey = p om0 with D ' >p
1] n=l n
wz-D )
n
(N)
hence Aij {(w) are of the order of 1 for any i, j. and same
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conclusion is valid for the
I ij
e.. (w) = N+l
1] NS
@ PNl
A(N) de., .
The respective derivatives ij and ij are then of the order
Juw Juw '
of 1 Hence Det (N) (w) and E(N) (w) are of the order of 1 , and
3 4
w w
aDet Ny and EE(N) are of the order of 1 .
duw dw : ws

)

From equation (77) it follows that | wn(e - | is of the order
of W s thus increasing with Wy - |
The initial truncation errors and the‘ébproiimations of equation
(76) propagate also in the value of the_Lagrapge multipliers as follows:
The non—dimensional Lagraﬁge multipliers corresponding to the

antisymmetrical rolling motions, A, and X; are solutions of:

Byg(@) Ty + b3(0) Xy = 0 (78)
A34(w) A3 A44(m)‘A4 = , (79]
By letting Xé = 1 in equation (78) ,
A 80
> 33(m) (80)
4 N0

and this solution substituded into equation (79) leads to:
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Bag (W) By, (W)
3 ® 2

NG

which, for each natural frequency o computed, can be written:

Bgg (o)

or, at the first order,

Det(N)(mn) . E[N)(wn)

S TR ™)
Bzg 7 lup) + 28540u)) eqylup)

It follows that the first order error in the value of Xé for the

resonant freq. wy 1is:

Det(N](mn) . E(N)(an

- OGN ()
Y3 Aggn Gag) ¢ 2 85,00 egu ()

which can Be written also by using a one-term binomial expansion

Det(N)(mn) E.(N)(mn) 2 634(mn)
B = Tz (P T L =y
j% Agg) (wn) Det(N)(mn) ﬂ§4%wn)

Equation (80) gives exp{icitely the first order error in the value

of iﬁ by similar algebraic manipulations:
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i ™)
. egzley,) * 83z () eg,00)
| = - 2

K N) (N)

"4 Bag "log) 347 L)

From equations (58) and {60} it follows that E_ (1) is pro~

‘ q
portional to E_ and E_(2) is proportional to E__n for each natural
A5 4 A4 '
frequency (with obvious notations for E (1) and E_ (2)), and hence

q

n 4
the initial errors are finally propagated into the mode shapes of the
wing and tail as follows:
E ' {0
By 9,0 e (81)
E, (1) (q) = |
“n p=1 (3)
Fp (mn)
E ' (0
) 5 () #',00) & (m) (82)
E () =1  ——
Yn p=1 (5)
By ()
0f course, E, (1) (0) = Ey (2)(0) = 0
n n
From equation (57)

E-—-

is explicitely computed:
n

o) v s ()
= - 4
n
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~ and thus the error in the angular twist of the fuselage for the .

natural frequency w_ is given by:

L B ) P E ()6, 8 () (69)
Bg (B} =-vpv I 3 4
P

=1 (2)
Fp (wn)

The accuracy on the actual physical displacements can be computed

from equations (29}, (30), (31) with < and €, = o (1)

11 12

c,
L
and by using equations (81), (82), (83).

The error analysis for the motions of pitching type is far more
complicated as shows equation (72) and it is faster to draw a conver-
gence graph versus the number of modes used for a given natural fre-
quency than to obtain analytical expressions for the errors by the
procedure explained previously.

Furthermore, an idea.of the order of magnitude of errors of the
type given by equation (76) is given at the first step by the process
of trial and error itself as follows:

The corresponding det (w) is plotted versus w« and the regions
where det (w) changes sign are considered. For a case such as the

one illustrad below

ceb{w) & o | dafa ﬁ.o}nfs
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where det (w) has steep variations in the neighborhood of the
natural frequency, values such as wy and w, are a good approxi-
mation of o despite the fact that neither det (ml) nor det (mz)
are close to zero.

The frequency solutions in such cases are quite accurate, however
the values of the Lagrange multipliers (and hence the modal shapes)
are given with less accuracy precisely because of the fact that
det (ml) or det (mz) are not small enough for fhis purpose.

If the opposite case occurs in the neighborhood of a natural
frequency:

ciet o8 .
co8) e : da o ﬁ-o,nf's

i.e., det {w) has a locally small slope, even though det (wo) and
det (w; ) are very close to zero, Wy and m'o do not bound the resonant
frequency very accurately, However, the mode shape and the informa-
tion of structural type are given with better precision,

Situations o%ﬁthe first type tend to occur for the lower natural
frequencies and smoother variations of det (w) are seen for the higher

frequencies and thus the corresponding conclusions can be drawn.

d) Results and convergence study in a check case

As in the previous chapter, the theoretical and numerical part
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of the method are first checked with classical results known analvti-
cally,

The reference case is taken to be a cantiliver beam which can
be considered a particular case of the airplane - like configuration
in the folldwing manner:

Values of the parameters Physical significance

& = £, =0 both the tail and the wing are placed

at the middle of the fuselage

v 0 for rolling type of the fuselage is given an infinite
motions inertia in twisting
¥;> O for pitching type the fuselage is made infinitely heavy

of motions

w2+‘m for rolling type the.fuselage is made infinetely rigid
of motions in twisting

wl+'m for pitching type - the fuselage is made infinitely rigid
of motions in bending

The set of parameters in (2) is such that the fuselage is con-
strained to stay still, i.e. clamp the wing and the tail in both kinds
of motions. In fact, mathematically one could have allowed wl and wz
to be finite.

For the sake of simplicity the two beams representing the wing and
tail are also made identical by taking
Yy = ¢4 = 1 for the antisymmetric motions

Vy = Vg = ¢4 =Y, = 1 for the symmetric motions.
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Vibrations of rolling type:

"1:0] bgg =0 . )
—
v,o= 1 | A, =4, =L ¢'_ (O
4 33 44 n=1 n
wz-k4_
n
and hence the frequency equation is:
> 2
{ t ' (0 ) =0 (84)
n=1 ———
wz—k4
n

i.é. the frequency equation in the case of a beam clamped in its
middle, in an analysis using only antisymmetric free-free modes
(see Appendix I1I1),

Of course, all solutions wof equation (84) are in fact double roots

as we have two identical cantilever beams in vibration, Note that in

the analysis developed in part b) the non-dimensionalization has been
made using half-length of the wing, hence there is no adjusting factor
to be computed for the non-dimensional frequencies. Figure 13 shows
the rate of convergence of the first natural frequencvy towards that

of a cantilever beam versus the number of antisvmmetric modes used;
the convergence is very fast for the first few modes. Furthermore

the shapes of the first three modes have been obtained using ten anti-
symmetric modes in the analysis and they are plotted in Figure 14,

15, 16. The frequency bounds are given by the analyses developed in
part ¢); the percentage errors are almost equal for the three natural

frequencies (4.1, 4.2 and 4.5 respectively). The values of the slopes
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at the origin is given as an indication of the modal shape accuracy.

Vibrations of the pitching type

With the limiting values for the parameters given previously,

11~ “22

2
r

W - (n-1)°
7

The frequency equation becomes in this case:

I ORI I I () ) 2=
n=l —m— " n=1
T 4 PN
l - z

The first factor corresponds to the bending modal behavior of
a beam clamped in its middle, the second factor corresponds to the
cantiliver beam in twisting (see Appendix III).

As expected, the bending and twisting motions are decoupled
from each other. The convergence rates towards thé first clamped-
free natural frequency respectively for bending and twisting are
both shown in Figure 17 so that they can b? analysed comparatively.

The percentage error in the first bending frequency computed
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using symmetrical modes only decreases véry fast to zero in fact much
faster than in the case in which only odd modes are used. This result
is to be expected as the natural frequencies of the even modes are
lower than the ones of the odd modes .

By comparisnm, there is slower convergence in the torsional
modes and Figurel8 which represents a more extensive graph of the
twisting convergence shows that in order to get 0.9% error in the
non-dimensional frequency (precision attained with only 3 symmetric
modes in bending}, 21 torsional modes have to be included in the
analysis.

This fact is surprising as there is no physical reason for
which it could be expected, however, it can be justified on mathe-
matical basis.

Consider the finite N-termes frequency equations:

> 2
E 4. 7(0) |
- e = 0 (85)
P(w) = n=1 5 N 7]
W Ry
and
=1 enzto) (86)
. Q(Lﬂ) = n=1 > 2 2 = 0
w - (n-1)77

)

and the first natural frequency corresponding solutions wy and Ql.
The problem is that of determining how much will wy and @, change
by considering one more term respectively in the analysis, or equiva-

lently, how much will P(w) and Q(uw) respectively be modified by ‘use
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of the additional term.
By separating the rigid body contributions in bending and torsion

we can write P(w) and Q(w) as follows:

N 2
Plw) = 1+ & ¢y (0 (87)
7 n=3 3 i
2w neodd ¢ ~ kn
N
Q(w) = 1 + I 1 (88}
. n=1 "2 2.2
w IV - 7

The th + 1 terms in each of the equations (87} and (88) are:

2

(0)
¢N+1
2 4
W= kN+1
and
1

m2 - [N+1]2w2

Fornz 5, ¢ (0)>1 and bre1 (020 (0) Vn, hence for N 3» 4,

2
dyey (O , S (89)
2 4 w” -k
wo- kN+2 N+2
Also, k 4, (N+1]2w2 and hence

N+2
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] o1

2 :
dnsp (0) 1 (90)
2 4 22
wo - kN+2 w” - (N+1)"m

k .

This inequality shows that an additional bending mode in the
analysis provides more contribution (in fact much more contribution)
to P {(w) than an additional twisting mode in Q(w).

Thus the value of w, will be more significantly modified by an

1
additional mode than the value of ..

1
This explains the relatively slow convergence rate of the tor-
sional frequency by comparison with that of the bending frequency.
Furthermore, this result suggests that for the next investigations
more modes should be used in twisting than in bending (in fact quite
a large numbef of modes). This fact does not present any noticable
inconvenience however, as it corresponds just to performing more

additions; from the point of view of computer work, the additional

time and region necessary are negligible.

. Experimental work

a) Introduction

The idea of a completely unconstrained structure presents no con-
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ceptual or theoretical difficulties, however, practical problems
arise when such a structure is to be simulated in the laboratory.
For experimental purposes the specimen has to be supported, and
thus one of the first problems which is.to be solved in the design
of the exﬁeriment is that of finding a suitable type of supports
which characteristics will not affect the resonant frequencies of
the structure. In particular, for the present analysis care has
to be taken that neither the natural frequencies of motions of
rolling type, nor the frequencies in the pitching motions will be
changed by thé type of supports used.

The next subparagraphs describe the experimental model, the
type of supports which simulate its free motion and the experimental
setting.

b) Experimental model

The beam-like structure on which the experiments have been per-
formed is shown in Figure 19. The components are aluminum alloys

beams of rectangular cross-section and following characteristics:

beams (1) and (2) beam (3)
length 10 in 10 in
width 0.5 in 0.25 in
thickness 0.1 in 0.05 in
E 107 1b/in2 107 lb/in2
v 0.33 0.33
. 3., 2 .2, 2
0 0.1/385 1b/in"/in/sec 0.1/385 1b/in"/in/sec

The values for E, v, p are taken from Ref (40).
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Beams (1) and (2) are mounted perpendicular to each other on
their middle, beam (3) is mounted parallel to beam (2) at 3 in. dis-
tance from it.

Small steel coupons are.mounted at ‘one of the tips of each com-
ponent so that the structure can be excited at farious tip locations
by a magnetic transducer.

c) Choice of the optimum supports

The experimental model with the two identical supports is shown
in Figure 20. The elastic supports at both tips of beam (1) have been
perfectly alligned so that they do not affect the rolling of this
beam. The constraining effects on the bending motions of the beam
have been minimized by a proper choice of the spring constant, proceed-
ing as follows: the idea is to choose the springs soft enough so that
the frequency of the rigid body translation of the model resting on
the two springs is much lower than the lowest free-free bending fre-
quency of beam (1). i

This lowest frequency is found to be of the order of 200 cps.
and with the choice of a spring constant equal to 0.5 1b/in,
the frequency of the corresmonding rieid body translation is of
9.5 cps. The value of the snring constant is related to that of
the frequencv of the rigid body translation by

k = ﬂﬁi , Wwhere

M is the mass of theipecimen

k is the spring constant

w is the dimensional frequency (rad/sec) and the factor 1
2
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corresponds to the fact that the two springs are identical.

d) Experimental setting

The set up of the experiment is shown in Figure 21 and more

detailed explanation is given in the sketch which follows:
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The oscilloscope has a double beam feature and a polaroid
camera connected to it, so that the input and output signals can
be compared and picture information recorded.

Two types of resonances were found -as shown in Figure 22, and
labeled type o and 2.

The lower part of the Figure 22 shows a resanancé of type a:
the output signal (lower beam) is seen to be at -90° phase with the
input signal.

The upper part of the Figure 22 shows a resonance of type B:

the output signal on the lower beam now precedes the input signal

by 900.

e) Frequencies measurements

Three sets of measurements have been performed with the follow-
ing positions for the driver and pick up:

. set of measurements (1)}

Both the driver and pick up are at the tips of beam (1); the
driver is positioned farthest away from beam (3), the pick up is
placed at the tip closest to beam (3). With this arrangement the

following resonant frequencies were detected in increasing value:

62 cps weak signal type o
112 cps weak signal type o
361.1 c¢ps strong signal type o
480  c¢ps strong signal type o

575  cps weak signal type o
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. set of measurements (2)

The arrangement is as shown in Figure 21; the driver and pick
up are at each of the tips of beam (2}. The measured resonant

frequencies are:

32.5 cps weak signal type B
62  c¢ps weék signal type «
110 cps weak signal type o
264  cps weak signal | type B
489  cps strong signal type B
575 c¢ps weak signal type o
578.7 cps strong signal type B

. set of measurements (3):

The arrangement is similar to the previous case, however, the
driver and pick up are positioned now at the tips of beam (3).
Because of the larger flexibility of this beam, the resonant frequen-
cies were easier to detect and in fact this set of measurements is
considered to be the most satisfactory of the three. The following

resonant frequencies were detected:

32.5 ¢cps strong signal type B
62 cps strong signal type a
112 cps _ weak signal type o
264 cps strong signal type 8
361.1 cps strong signal _ type o
480 cps strong signal type o

489  cps weak signal type B
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575  cps strong signal type o

578.7 cps strong signal type B

As it can be seen, many natural frequencies were found in more
than one set of measurements; very often their value agree axactly
from one measuremént to the other, for the few frequencies for
which this is not the case the data corresponding to the strongest
signal on the screen of the oscilloscope have been retained.
Tabulated below is a summary of the measured resonant fre-

quencies, the way in which they have been detected and their type.

natural driver's pick up's
frequency position position type
22.5 tip of beam (3) other tip of beam (3) B
62 it 1] o
112 tip of any beam other tip of the ¢!
same beam
264.3 tip of beam (3) other tip of beam (3) B
36l1.1 " " o
480 tip of beam (1) other tip of the o
or (3) same beam
489 tip of beam (2) other tip of beam (2) B
575 tip of beam (3) other tip of beam (3) o
578.7 tip of beam (29 other tip of the 8
or (3) same beam

The resonant frequencies of this beam-like model have also

been investigated theoretically, and the next paragraph deals with

the numerical results which have been obtained and the conclusions

which can be drawn from the comparison with the experimental work.
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. Numerical analysis for the experimental model: theoretical results,

comparison with the experimental results

We remind the reader at this point that although the numerical
results are presented with the frequenc;es in increasing order for
¢asier comparison with experimental data, the frequencies of rolling
type and pitching type of motions have been obtained by independent
computations as discussed in paragraph 3. This factor will be taken
into account however, in the quantitative analysis.

The lowest computed natural frequency is wy = 36.7 cps and the
physical deformation of the structure is shown in Figure 23. In this
mode beam (1) undergoes only angular twisting; beams (2) and (3)
bend antisymmetrically, predominantly in the rigid mode. The value of
this resonant frequency can be related to that of 32.5 ¢ps. measured
experimentally; as it can be seen in Figure 23 this re50nanée could
not be detected in the first set of measurements. A comparison bet-
ween the amplitudes of the rigid body rotations of beams (2} and (3)
shows that reason for which a stronger response has been obtained where
the driver and pick up were both placed at the tips of beam (3).

The value of the second calculated natural frequency is m2=69 cps;
as shown in Figure 24, the modal behavior is of the pitching type:
beam (1) rotates as a rigid body, beam (2) undergoes weak bending in
the first symmetric mode, and higher amplitude bending of the same
shape (but opposite sign) is observed for beam (3).

The corresponding second resonance measured experimentally
occured at a driving frequency of 62 cps (with the strongest response

in the third - set of measurements); it is interesting to notice that
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this resonance has been found experimentally to be of different type
than the previous, specifically of the type o. It can be anticipated
on these basis that rescnance of the type a will correspond to motions
with symmetric behavior of beams (2) and (3) while type B resonances
will be characteristic of the "rolling motions'". In the third mode
(for which the computed value of the frequency is Wy = 125.6 cps) the
deformation of each component is similar in shape and amplitude (see
Figure 25); this resonance has been detected in all three sets of mea-
surements, and found to occur at a frequency of 112 cps. Note that
indeed it corresponds tc a type o deformation.

The next higher natural frequency has a theoretical value of 295.5
cps; Figure 26 shows the deformation of each component and it can be
seen that in this second rolling mode both beams (2) and (3) do show
an elastic behavior. The corresponding measured value of the frequen-
cy is of 264.3 with strongest response picked up on beam (3); indeed
it is a resonance of type B.

The next four natural frequencies obtained theoretically and the
corresponding modes are shown in Figures 27, 28, 2%, 30, 31, respectively;
similar analysis show qualitative checking between theoretical and
experimental results. As the comparison shows good qualitative agree-
ment, it is of interest to further investigate in a quantitative
manner the agreement (or diescrepancies) between theoretical and ex-
perimgntal results. For the time being the quantitative analysis will
be done separately for the modes of rolling type and pitching type, as

the theoretical results have been obtained by independent computations.
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The results are given in tabulated form for clarity, and shown below:

Modes of rolling type:

W 0 percentage error
normalized by the experi-

EEe:;etical ?zg:§imenta1 mental data (%)
36.7 32.5 11.5

295.5 264.3 11.8

546.6 489 11.6

648.2 | 578.7 12.0

At first view the percentage error seems to be too high for
being satisfactory; further analysis shows, however, the interesting
fact that this error is constant for the four frequencies. This remark
suggests that possibly nart of the error comes from the differ-
ence between the exact and assumed characteristics of the exneri-
mental model. If this is true then better agreement should be
provided by comparing the two sets of frequencies in a non-

dimensional manner. This can be achieved by comnaring the ratios

(w_/w,) theoretical and (uw /w,) experimental as shown in the table :
n 1 n 1

(w,) ' () Percentage error normalized
“1 theoretical “1 experimental by experimental data

1 1 -

8.05 ' 7.93 1.6

14.89 14.67 1.5

17.66 17.36 1.7
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Column 3% illustrates that the previous assumption was correct, but
at least two other possible facts have to be taken into account:
one is that the components were not welded in the structure but
glued together and hence the elastic properties of the glue play

a role at the joints, the second fact is that there is a stiffening
effect due to the steel coupons, especially on beam (3). It is
interesting to notice that, probably because of the facts mentioned
previously, all computed values of the frequencies are higher than
the measured ones. But, of course, this is also inherent to the
Rayleigh Ritz procedure per se.

A simular analysis is now developed for the modes with symmetric

behavior.
Modes of pitching type:
tzpsgheoretical ?2p§§perimental g;rzﬁgt:§§:§§;2§tggrgzizzed
69 62 11.2
125.6 112 12.2
404.8 361.1 12.1
536.2 | 480 11.7
643.3 575 11.9

Consideration of the percentage error leads to conclusions similar
to that of the previous case and thus we develop again a non-dimensional

manner of comparing the results, as shown below:
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7

ercentage error normalized

by the experimental data

1

1.82

5.87

7.77

9.32

1

1.79

5.78

7.68

9.20

1.

.2

32

Column 3 shows satisfactory agreement between the non-dimensional

frequencies obtained theoretically and experimentally. Furthermore

it is of interest to notice that even for different types of modes

the percentage errors have almost the same value; this suggests that

the analysis performed for the two classes of frequencies applies in

fact globally which is an indication of succesfull agreement between

theory and experiments.

The global analysis is presented'below in tabulated form:

W, W percentage w w percentage

n n error s ( o ) ETTOoT
theoretal experimental o C w ) w
(cps) (cps) (%) . ! %)

theoretical experimental

36.7 32. 11.5 1 1 --

69 62 11.2 1.88 1.86 1.1
125.6 112 12.1 3.42 3.36 1.8
295.5 264, 11.8 8.05 7.93 1.6
404.8 361. 12.1 11.03 10.83 1.9
536.2 480 11.7 14.61 14.40 1.4
546.6 489 11.6 14.89 ° 14.67 1.5
643.3 575 11.9 17.53 17.25 1.6
648.2 578. 12.0 17.66 17.36 1.7
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For all of the nine resonant frequencies there is less than
2% disagreement between theory and measurements when compared in a
non-dimensional mannher.

It is important to mention that because of the choice of very
soft springs in supporfing the model, the frequengy of the rigid
body translation of the structure resting on springs could be very
easily filtered out in the experiment and was not accounted for in
the previous discussion.

Even'if this had not been the case, a valid comparison between
the two types of data should still be possible, and for this purpose
the author has developed in Appendix V a theoretical analysis allow-
ing for the effects of the two springs.

. A modal analysis of the Lockheed model L-100 Hercules

a) Presentation of the model

Following the production of early C-130 military Hercules air-
craft, Lockheed - Georgia had decided to offer a commercial version
of this heavy transport, and the model L-100 is one of the six models
which have been offered for that purpose.

Customers of this aircraft have included Alaska Airlines, Delta
Air Lines, Interior Airways and Pacific Western Airlines.

A picture of the airplane is shown in the upper part of Figure
32 and a general arrangement drawing is shown below,

More detailed information can be found in References (32) and

(33).



- 83 -

b) Numerical results

The thepretical analysis developed in paragraph 3 has been applied

with the following values of the parameters representing the model.

Parameter Physical significance Value for
L-100
El point aleng the fuselage connected with 0
the wing
£2 point along the fuselage connected with 1
the wing
vy ratic (mass wing/mass fuselage) - engines not
taken into account 1
uz ratio (mass wing/mass tail) 38.97
Yy ratio {(wing span/fuselage span) 1.36
Ty ratio (wing span/tail span) 2.52
vy mass to inertia ratio between wing and 91.4
fuselage
Vo ratio between mass and inertia of the wing 166.84
Vg mass to inertia ratio between wing and tail  2669.44
w1 frequency factor of the fuselage in bending 65.47
by frequency factor of the fuselage in torsion 81.05
Vs frequency factor of the wing in torsion 245.67
¢4 frequency factor of the tail in bending 39.98
ws ' frequency factor of the tail in twisting 1560

The first twelve natural frequencies of the aircraft have been
obtained and their values. are listed below.. A total of 53 modes
(38 bending modes and 15 twisting modes) has been considered for the
motions of the rolling type; 125 modes in total (50 twisting modes

and 75 bending modes) have been used in the analysis of the modes

SN
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of pitching type in order to compensate for the eventual loss in
accuracy in the matrix manipulations especially when fhey are

nearly singular.

non-dimensional frequency type of
frequency w . (cps) modal behavior
4.20 18 pitching
8.30 36 rolling
12.03 53 rolling
16.78 73 rolling
18.75 82 - : pitching
21.65 95 pitching
23.5 103 pitching
24.3 106 , rolling
25.14 110 pitching
40.09 176 , rolling
40.6 179 | pitching
45,17 199 rolling
52.55 231 rolling

The deformation of the structure in the first mode is shown
in the Figure 33; this mode appears to be mainly a wing mode going
only small rigid body translations. In fact the natural frequency
of this mode is close to the first free-free bending frequency
of the wing alone, more precisely

< w, < W

“! beam cantilivered 1

in the middle

1 free free beam
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The figure shows that the wing translates with the fuselage but
mainly bends in the first even mode; the ratio of the corresponding
generalized coordinates (bending to translation) which is an indication
of the relative contribution of the initial modes, is of 1.6 in absolute
value. Structural information obtained from the values of the Lagrange

Multipliers is given below (up to multiplication).

Shear force developed at the point of attachment
between | : 1 1b

the wing and the fuselage (taken as reference)

Shear force developed at the point of attachment
between : 0.019 1b

the tail and the fuselage

Torque develcoped at the point of attachment
between.the : 0.24 1b x in

wing and the fuselage

Torque developed at the point of attachment
between the + 0.011 1b 'x in

tail and the fuselage

As expected, the shear force developed at the point where fuse-
lage and wing join, is predominant in this mode. .

The structural deformation of the aircraft in the second mode
is shown in Figure 34. This mode is characterised by an antisymmetric
behavior of the wing and the tail and only angular deformation of the
fuselage. This angular deformation is composed of rigid twisting,
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with contributions from the second and first elastic torsional medes

by order of importance. For purpose of qualitative information:

'ﬂll'ﬁl
TR PN

I

e

=

The wing rotates with the fuselage and bends in the first anti-

symmetric mode;

| @Wbending | = 1.3
g(1)

rotation

The tail shows practically no elastic behavior.
The value of the torques per unit length developed at the points
of connection between fuselage and tail and between fuselage and wing

respectively is given by the ratio

The next higher mode presents again antisymmetric behavior of the wing
and tail as shows Figure 35, in fact the gross-deformation of the
structure is very similar to that of the previous mode except for the
fact that in this mode the angular twisting of the fuselage has same
direction at the points of connection with the wing and the tail.
Detailed analysis shows that in this mode the behavior of the

fuselage is predominantly elastic, in fact mostly in the first elastic
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mode with some rigid contribution P2 and very little

contribution from the 4th elastic mode
p
(’ ’=32.1)
5
As previously, the wing bends predominantly in the first antisymmetric
mode, but undergoes less rotation than previously and shows also

influences due to the second free-free antisymmetric mode.

| _aMbending | = 4.92 | " bending | = 13.6
—(1)

g~ ‘rotation a{ljbending 2nd mode

as it can be'seen in the lower part of Figure 35 the tail acts mainly
rigid, however, slight elastic behavior can be graphically detected

(quantitatively, | 7@ rotation | = 18.3)

aﬁz)bending

The ratio of the torques per unit length developed at the wing and -~

tail is now equal to 0.66 as compared to 0.15 in the previous case.

The modal behavior for the fourth natural frequency is shown in
Figure 36 and similar.discussion can be developed for this mode.

For a more complex analysis taking into account the masses and
inertias of the engines (represented by rigid structures attached to
the wing), the author refers the readers to the theoretical develop-
ment of Appendix VI.

The present model does not provide information about the chord-

wise bending occuring in the wing and the tail because of the
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one-dimensional assumptions for these components. A more sophisticated .
analysis taking these additional effects into account, is provided in

the Appendix IV where the wing and the tail are represented by plate

elements with uniform properties.
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CHAPTER IV

MODAL BEHAVIOR OF A HIGH ASPECT RATIO AIRPLANE

WITH OBLIQUE WING AND TAIL.

Statement of the problem and basic assumptions

The present chapter may be considered as a generalization of
Chapter IIT. This analysis has not only a pure academic interest
in showing the generality of the method, but also a practical inter-
est. Since the oblique wing configuration was proposed, there has
been an increasing concern over the aeroelastic problems arising
from such an uncommoﬁ geometry. As most of the flutter analysis
are based on the structural normal modes, the purpose of the present
chapter is to provide precisely these normal modes and frequencies.
It is of interest to note that the assumption of a high aspect ratio
wing is particularly suitable for such a type of configuration as
it can be seen in Reference(34)and Figure 37; the additional assumptions
under which the problem is treated are similar to those of Chapter III
and are reminded below:
1) the airplane structure is considered to be of beam type
2) the displacements of the beam components are governed by the
Bernowilli-Euler equatidn
3} the geometrical and elastic characteristics are constant along
the span for each component,
The geometry of the structure is illustrated in the top view

given below:
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The angle o, angle between the oblique components and the fuselage, is

the main new parameter of the problem.

. Rigid body dynamics in the linearized theory

Notations:

RO: Gallilean frame of reference

G: Center of gravity of the structure

Y,0,¢: Classical Euler angles as defined in Chapter III

J (G,S): Tnertia tensor of the structure at the center of gravity
and with respect to its own system of axis

M : Total mass of the structure

E(S/RO): Vector defining the rotations between the frame of the

structure and Ro'

(G/R : Acceleration vector as defined in Chapter III.
)
((S)/R }:Angular momentum as defined in Chapter III.
0

>
r
>
H .
In absence of exterior forces Newton's law yields:

M %’(G/Ro) =3 (91)

This relation decouples the translations in the three directions
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from the rotation motion around the center of gravity.

For zero exterior torque the angular momentum equation is simply:

d = _ o
3¢ B (S/R) =0 (92)

which can be also written as:
4 1t - (93
T 06,5 TSR )= o (93)
Due to the absence of symetry, the tensor J(G,S) has a non-diagonal
representation and can be written in the following matrix form:
I, Jj() 0
26,9 = [ Jj(@ 1,6 O
0 0 13
where J1 (r/2) = 0.

Hence the linearized equations of the rigid body motion are:

3

tIl(u) cos o - Jl(a] sinu)é. + (Il(a) sina + Jl[u) Cosa]$. =0 (94)
(9;(a) cosa - T () sine)d + (J,(a) sing + I,(a) cosa) =0 (95)
Iy = 0 : O (96)

This set of equations shows that the yawing motion decouples from
roll and pitch, but the later two remain coupled unless o = /2

This fact introduces a fundameﬁtal difference from the types of
structures investigated in the previous chapter: indeed, if previously

the modal analysis could be done from the onset separately for symmetric
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and antisymmetric modes, this is no longer the case for the present

problem as it can be seen from the rigid body analysis.

. Elastic modal behavior, derivation of the frequency equation

a) Statement of the elastic problem: degrees of freedom, derivation

of the constraint equations.

The motions investigated are of roll-pitch type; the bending vi-
brations in the y-direction (yaw-type of motion) are not considered
in the present chapter.

Each one of the components is allowed to bend and twist rigidly
and elastically and the corresponding modal displacements are sought
in the following forms:

- for the fuselage: -L<x<L

bending displacement:

Wox,t) =T Q(0)¢ (%) (s7)
n=1
twisting angular displacement:
O(x,t) = I P (t) 8 (x) (98)
n=1
- for the oblique wing: - 11 <X 5_11

bending displacement:

Wy (xy,1) = §=1 qél) (t) ¢, (x) (99)

twisting angular displacement:

0, (xt) = §= P (1) 0 _(x)) (100)

1



- for the'oblique tail: -1, <x <1

bending displacement:
-7 (2) :
wz(xl,t) =I q7 (t) ¢, (xl) (101)
n=]
twisting angular displacement:

0, (x,t) = §= pﬁzl ORNCH (102)

1
As explained in the previous chapter, the physical displacement of
each component is rigorously tﬁe sum of the bending displacement

and an aaditionéi term due to the twisting of that element; however
in agreement with the one-dimensional assumption it is reasonable to
neglect the contribution due to twisting (based on the fact that the
ratio of the chord to the length of the element -is considered small),
The constraint conditions insuring the equality of the physical dis-
placements at the points of connection between the components can be
written then.

wl(O,t) (103)

WE,t)
W(E,,t) = w,(0,t) (104)

and W_, so that their

after having suitably non-dimensionalized W, W 2

1
domain of definition be -1, 1].
Another set of constraint conditions is derived from enforcing

the equality of the slopes of the components in the X and ; directions

and leads to the equations.

e(gl,t) = GI(O,t) cosa + 1 awl (0,t) sina

z (105)
1, 8z
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Bwl

1 aW (&, t) = - 0,(0,t) sina + 1 (0,t) coso (106)
L 3E 11 g
1

for the wing and fuselage, and

06, 1) = 0,(0,t) cosa + 1 *¥2 (0,1) sina (107)

1, 34

1 NWA(E »t) = - 8,(0,t) sinag + 1 Bw2 (0,t) coso (108)
L 3g 1, 9g4

for the tail and fuselage.

The slope condition of Chapter III can be found by setting

o= /2.

b) Derivation of the frequency equation

The total kinetic energy of the structure is

L 1 1
. 1, 2,
T=1( Wx,t) dn + /&% (x,,t) dm, + [ %5 (x,,t) dm, +
= 11 1 7-1,"2 "1 2
2 -L -11 2
L .2 1 2 L, .2

. 1 - .
{LI 0 (x,t) dx +'{i Lo (x;,t) dx; +_£zlée (x,5t) dx;) (109)

where 1T, Ii, [2 are the respective mass moments of inertia per unit
length about the torsional axis of the fuselage, wing and tail. Their

integral expressions are given in the paragraph 3 section b) of the

previous chapter.

Substitution of equations (97) - (102) into equation (109) yields:

.2 2 2
T = %_ (MQ, (t) + My qil)(t) + M, dﬁz)(t) +

=3 g

=1
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2
(t) + 12P

2
(t) ) (110)

2 (1)

. . (2)
X Pn(t) + IlP

n n

by virtue of the orthonormélity of the free-free component modes.

The total potential energy of the structure in bending and torsion
is:

L, 2 1 2
(EI | (3w (x,t))“ dx + EI Pl
o R | 1 -1 _—
: p) 1 2

oxX ax1

U=1
2

1 2 L

C2Y2 (x,0) )2dx, + 67 ) (30 (x,t))dx +
= 1 i -L —_—
2 ax2 ax

1 1
@, _{11( :il (xp0) 37 dxg + 63), 120 2% x,0)%ax) (1)

2
2 T2
where I, Il’ I2 are the structural moments of inertia about the neutral
axis of the fuselage, wing and tail respectively, E and G are the Young
and shear modulus of elasticity, and (GJ), (GJ]1 and (GJ)2 are the
respectives torsional stiffnesses of each of the components.

Equation (111) can be rewritten by use of (97) - (102) and the
free-free beaﬁ equations in bending and torsion in the following way:

@ 2 (EI), .4
i (BL k5 Q" (1) + 1ok

4

n
3

L 11

2
qil)(t) +

(ET), .4 @? 2 2 .2
2 kn a, (t} + GJ (n-1)" =~ P° (t) +
3 i 7 N

1
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2 2
61 -2 22 » Wiy + ainny? 2 6Py ) a2

n
11 4 12 4

Using again the Rayleigh Ritz expansions given in the equations
(97) - (102) for substitution into the constraint conditions (103) -

(108), the following modal expressions are obtained:

E ey - oM (30, (0 ) = 0 - a

RCHUTNCS -a®@ w4 01 =0 (114)

E (06,8 - P () 8,(0) cosa - @wn(q)simh 0 (119)

§=1 ( Eﬂéil o' (£ p£13(t)en(0)sina - S£§%3¢'n(0)cosa) = 0 (116)

. (P (t)e_(£,) - Pﬁz)(f]én(O)cosa - Ség%lp'n(O)sina) -0 (117

E=1 ( S%ffl o' (£,) Piz%t]en(O)sina -qgéfszJ¢'n(0)cosa) = 0 (118)
2

These equations weighted by their respective Lagrange multipliers
contribute to the formulation of the Lagrangian for the entire elastic

structure:

d(t) = T(t) - U(L) + A (t) x eq.(113) + A, (t) x eq.(114) +

As(t) X eq.(115) + 14(t) x eq.(116) + As(t) x eq.(117) +
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A (1) x eq. (118)

As mentioned in Chapter III the values of the Lagrange multipliers
g{ve interesting structural information: (Ai)i = 1,2 relative to
displacement conditions give a comparative value of the shear force
developed at the points of connection between the fuselage and wing

and the fuselage and tail; (A.).

. . e
i =3, ...6 give a relative value of

the bending‘moments about the x and y axis developed‘at the points
of junction between the components,

Moreover the values of the Lagrange multipliers indicate which
type of behavior is predominant in a particular mode before even having
actually determined the mode shape. This statement is a little of an
anticipation at-this point but its proof is clear from equations (125) -
(130).

The equations of motion, known as Lagrange's equations for the

lSYStem are:
. MQ_(t) + EL I Qu(0) = 3 (006, (27) = Ap(0)4, (5)) -
L

*i(t)¢'n(aln - Ai(t) o' (£,) = 0 (119)

VTP (1) + & (n-1)2%? P (£)(t) - A, ()8 _(£)) -

Ag(t) 8 () =0 | ' (120)
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P Mg () + (Elil MO RENOINGOR
1

1
Ag (1) »'_(0) sina + N $'_(0)cosa = 0 (121
1 1
I1 ﬁ'(l)(t) + B a2ty « 2 (t)e_(0) coso -
. 11 n -'"i-'**— ’ -'&- n 3 n ‘
1
A, ()6 (0)sina = 0 (122)
.. (2) 4 (2) A
Mgy 0+ P2k a0+ 2,00, + 5 41,0
1 2
2
sino + As(t) ¢'n(0) cosa = 0 (123)
1
2

. (2)
CLLP (1) + (?J)z (n-1)2%? P Dy 4 Ai(t) 5 (0)

2 2

cosa - A (t)8 (0)sina = 0 (124)

together with the constraint equations (113) - (118).

The harmonic behavior in the modal analysis is taken in a similar

form to that of the previous Chapter and is reminded here:



Q, ()
P (t)
(P (v
Pn(]-) (t)
qn(zj (t)

pn(z)(t)

~

A

Ay (t)

A4(t)
3y (8
A

5 ()

Ag (1)

J

| ((EIJ1)1/2 )
() i 3 u
xe Ml
J
(D, 1/2
i 3) wt
.M, 1
X (EI)l 171
3
11
(ET), 1/2
if¢ )] wt
X (E;)l X e MIIIS
L

The following non-dimensional parameters are defined:

..__l;'Yl:

il s Yo T i_
L 12
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Mlll Doy = MlL syl = MlL
I 2 I 3 I
1 2
?._I'S a1 (GJ]l
ML 2 I
S | S S SO
(ET), (E1), (ET)
3 3
Mlll Mlll Mlll
(EI), (GJ),
3 2
_ 2 S L 22
(E1), (EI),
3 3
M,1
Mlll 171
2 4
F (1:] =w - lp]_kn
il
Fn(Z) mz _ ¢'2 (n_l)z ™ 2
a

n iy

RS by -1 2
(5) 2 4

Fn = - “den
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Fn(63 - 0 - v, (n-1)°

INE

In terms of these parameters and of the non-dimensional Lagrange

multipliers the generalized coordinates are expressed as follows:

T, = -y A1t (E1) * X0 (B)+K v 0 (E))4Rcv 4" (8,), (125)
(1)
F
n
Bo= - vy 38n (81 * 258, (2)), (126)
(2) '
F
n
a-11(1) ) 3}¢n(0)+ié¢'n(0)sina43;¢'n(O)cosa (127)
F
n
ﬁn(l) - v, (3\'3 cosq - T4sino:)e (0) (128)
@ "
F
n
a;(z) -, (2%n (0)#hgY,0! (0)sina+Xoy o' (0)cosa, (129)
] (5) |

n
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p (2 A_cosa - A Sina

n = Ypvz (B 5 6 )en(O) (130)
F

n

It can be noticed that only even modes contribute to the twisting
of the wing and tail as it can be seen from equations (128) and (130).
It is also interesting to point out by the use of two examples
how the modal behavior of the structure can be predicted from the
value of the Lagrange multipliers directly.
- Example 1:
Assume that for a particular mode the values of the Lagrange multi-

pliers are such that

>

Iy

IIH

|<<1  for any i = 2,...6

o
—

Then equations (94) - (99) can be written at zeroth order approximation.

0 = _ M 1‘5\-1 ¢1‘1 ( g 1)
LR o
n

|
n
o

ROERANC
)
n

RGO
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aﬁ(Z)

7 (2)
n

for any n.
By substituting these equations into equations (97) - (102)

we obtain the expressions of the modal displacements at the lowest

order:
W(E) - - % “1¢n(51)¢'n(5) 7 {(131)
n=1 F (1)
n
n=1 r (3)
n
B(8) = B,(x) = Wy(g) = 8,(z) = 0 (133)

The modal displacements being defined up to a multiplicative

constant, division by X, is justified. Equation (133) shows that

1
the tail does not move almost at all in this mode, nor is there almost
any twisting in the fuselage or wing. Equation (132) shows that the

wing bends symmetrically about the fuselage; equation (131) gives the

mode shape of the fuselage. Such a mode is in fact a plunging mode,

totally independent on the angle o and could possibly look as illus-



- 104 -

trated helow:

Of course, the analysis has only the value of an example and no claim
is made as to the possible existence of such a mode.

- ExamEIe 2:

For such a hypothetical mode we assume that the values of Xg and
Xg are much larger than the values of the other Lagrange multipliers.

Then equations (125} - (130) give the following zeroth order approxi-

mation:
En =0 - (134)
Fn =~ YY Isen(gl) (135)
r (2)
n
b - 40" (0)sing (136)

)
n
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"[")" (1) = v ‘X-S cosa en(O) (137)
n 2 &)
F
n
ah(Z) - Y, A6¢'n(0jcosu _ (138)
- )
n
= (2) _ % _sinad_(0) ‘ (139)
Pn S PN 6 n
7 (6)
n

It is easily seen that in such a mode the fuselage twists only; an even

more refined analysis can be done by comparing Té and ig and hence the

generalized coordinates for given values of Y12V1 YpsVgs Vs Hge

It can be noticed that -for a = such a mode cannot be possibly

x
2
encountered,

Indeed, equations (134) - (139) reduce to:

= _w (1) _=1(2) _

Qn = Pn =a =0

5 X0 (g.)

P =-y.v; 3071

n 1 I-E—Efr——-
n

3, =T @

ERGE
n
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Agfn (0 (140)
NGH
n

and equation (140) introduces coupling between rolling and pitching
modes. In fact the values of Xé and Xg are obtained by totaly indi-
pendent analysis.

For the general case, substitution of equations (125) - (130)
into the constraint conditions given-in equations (113) - (118)
leads to the set of linear algebraic equations in terms of (T&) i=1,

...6 from which the frequency equation will result.

This system of equationscan be written in tensorigal form

- >
LA o= 0 (141)

=]

-
with self explanatory notations for X} and with the second order

=
symmetric tensor A defined by its matrix representation as follows:

o 2 2 '
b0 % E ot )t 4y (0 (142)
F F
it n
ﬂ12 =7 g ¢n(E1)¢n(E2J (143)
n=1 F (1)
n
A = A = A A =0 (144)

13 = %15 = P23 = 825036 = 45



33

34

35 7
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iy, DR D)
=1 ey
n

14 -

6 (808", (5

b16 = & MMy
kol

=1 g (1)
n
2 2
b, = F g () O
n=1 F (1] F (5)
n i

_ % o' (B Yo' (E.)
A24 = i MiYg n--1 n-°2

2 2 2. .2
6, (0)cosa + ¢ 1 (0)sina)

=1 g (1)
n
bog = ¥ MY ¢, (E5)0' (E,)
n=1 (1)
F
n
5 |
P gy n By "1Y2
n=1 r () r @
n n
®© ] 2(0) ¢! 2(0) sina cosa
z (—Ylvz n + n )
n=1 P @ 5
n n
T 1Yy enfglJ Bn(g2)

n=] : F (2)
n

&)
n

(145)

(146)

(147)

(148)

(149)

(150)

(151}

(152)
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. 2 2.2 2 2
A44 = § (”1Y12 ¢'n (El) + Y,v, en (0)sina + ¢ n (O]COSG) (153)
n=1 6 F (D p (3
n n n
A =% .y 2 ¢'n(€l)¢'n(52) (154)
46 1'1
n=1 £ (1)
n
2 2 2 2 .2
A =% Cy.v en (52) + Yyv en {Dcosd + Loy 2 ¢'n (0]51naJ (155)
55 11 ————er 1 —— 22
n=l ) = (6) E (5)
n n n
2 .
A56 =5 (-Y1Y2V3 en (0) + Y22u2,¢'n(0)351na cosa (156)
n=1 @ Ol
n n
2 2 .2 2 2
® 2 9' “(8,) 8_"(0)sina + 2 ¢' "{0)coso
A =1L  (uv n_“°2 Y{YsVg _N Y, Wy I ) (157}
66 n=1 1'1 *-'-"*-—F #) 1'2°3 "-———————-F 6 2 2—-—F—TW—
n n n

It can be pointed out that the elements Aiﬁ are in fact mathe-
matically Green's functions or in physical language influence co-
efficients and can be easily understood. For instance 512 represents
the bending displacement of the structure at the connection point
between the fuselage and wing due to a unit force applied at the point
connecting fuselage and tail.

It is interesting to note that a Green's function approach to

eigenvalue problems was suggested by Otakar D anek in 1971, how-
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ever no correlations of the work with a variational approach to the
problem is menticned, nor a practical way of actually solving the
eigenvalue problems given.

The eigenvalue system (141) leads to the frequency equation

[_éet & (w) =0 (158)

-
necessary and sufficient condition for existence of selutions A.

Although equation (158) can be reduced to a polynomial equation
in wz, in order to obtain a reasonably accurate solution for the
first few modes, the degree of the polynome has to be high and hence
it is impractical and time consuming to obtain the roots by iterative
methods. For this reason .it is preferable to solve equation (158) by
a trial and error methed, which besides its simplicity has the ad-
vantage of giving information‘abﬁut the slope of the determinant in

the vicinity of the natural frequencies.

c) Remarks on the sensitivity of the natural frequencies with

respect to small changes in a from the symmetric configuration.

The ultimate purpose of the modal analysis for the obligue air-
plane is to determine the functional dependence of the natural fre-
quencies upon o and also the changes in the modal shapes due to
variations in the oblicity angle. It is by now obvious that these
two guestions cannot be sclved entirely by analytic procedure, in
other words it is impossible to express the natural frequencies
mn(u) in the form

wn(a) = f(a)



- 110 -

where Jn(u) are known functions of «a.

However, particular aspects of the problem can be investigated
analytically; for instance it is of interest to determine the order
of magnitude of the change in a given natural frequency when the
structure is given a small oblicity angle from its symmetric con-
figuration.

Based on physical evidence it is consistent to assume that
mn(a) are continuous functions of ¢ ; then, for small values of

| —£| it is possible to approximate wn(a) as follows:

w_ (@) = w (n/2) + (a0 - 5/2) dmn (159)
n n -
da  ja= 7/2
provided that ““n exists and has a finite value.
dee |a = 7w/2

Using the relation

3D et(d)
dwn _ da a= n/2, w=w, (160)
da @ = /2 Det (4)
dw a= w/2, W=

and the expressions of Aij given in equations (142) - (157) it can be

dw . co s " . s .
seen that "~ n exists and it is finite except for situations in
da fa =7
which 2
3Det (A) is zero
duw a=7/2, w= Wy
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This type of situation occurs only if w is a double root of
the frequency equation for the symmetric configuration (for instance
this would be the case if the structure were composed of two identical
beams connected at their middle), generally the natural frequencies
are only simple roots of the frequency equation.

Substitution of equation (160) into equation (159) yields:

3 Det (&)
mn(a] = mn(n/Z) + (o - w/2) 9o a= ﬁ/2,m=wn (161)
3 Net (4)
duw o= w/2,m=mn
3 Det(A) can be computed as follows:
s
6
3 Det (A)=I Det (A) {162)
ST 1
da 1=1

where AI is the matrix defined as follows:

(Al) ij = Aij if j #1 for all i
8.7, = %241 for all i
17i1 ——=
o

This results from the fact that the function determinant is
linear with respect to row or columm,
By using equation (162) it is found that

5 Det (A is identically zero in w,

da a4 =T
2
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% a consequence, if the structure is given only a small
oblicity angle B from the symmetric configuration there is no
change in the natural frequencies at the order 8. (B =a -w/z)

A more refined analysis can be done by looking at the second

order problem:

2 db
mn(a) = mn(ﬁ/Z) +1 (o - m/2) n (163}
2 duz @ = m/2
Because dDet (A) =0 for all Wy
Ja o= n/2
az-)et (A]
dzwn - Ba2 o = n/2,w=wn
duz a = m/2 3D et(d)
Iw o = T/2,0=0
n
and hence dzwn ‘exists under the same conditions as
daz a4 =T
2
dw
—
do |o= 1
2
By substitution into equation (163) it follows that
3 %)et(A)
2 - -
o (@) - u (7/2) = 1 (a- m/2)? 3% o= m/2.umw,
2 2 Det(h) (164)
LI g = n/2,u=w

i
s
..j::
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azDet(A) is computed by using again the linearity property:

—_—

Ll
6
i Det (Bkl)

where
Ba = By
with the previous notations. '
b;, and &, are independent of a for all i. The summation

above extends in fact only to the subscripts 3, 4, 5, 6.

As

A practical application of the analysis is given in the example
below.

This example assumes a pivoting wing version of the Lockheed
L-100 (for which the structural frequencies and modes have been
investigated in Chapter ITI) and by use of equation (132) prediéts
its first four natural frequencies for an 80° configuration. The

results are tabulated below:

3%Det (4)
80L2 o = 7/2,u=w
n
82Det[é)
Jw a = w/2,u=w w &
n !’1900 nSOO
0.00016 4.20 4.200024
0.00206 ' 8.30 " 8.29969
0.0058 ' 12.03 12.03087
0.8666 | 16.78 16.65
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The results show that for a 10° deviation from the symmetric
configuration only the fourth natural frequency changes by a
significant amount; moreover it is seen that the first frequency
remains virtually unchanged while the second frequency is slightly

decreased and the third frequency increased.

Numerical analysis: a pivoting - wing version of the Lockheed

model L-100 Hercules

The present section provides a more extensive study of the
previous example; the modal behavior of such an airplane is in-
vestigated for ranges of pivoting angles going from 90° (case of
the straight wing) up to 30° (reasonable limiting value for practical
purposes). The value of the first four frequencies as functions of
the angle a are plotted in Figure 38; for the straight wing case the
type of modes is indicated (rolling or pitching).

As predicted by the perturbation theory, it is seen that no
significant changes occur up to the fourth natural frequency where
a decreases slightly from the 900 value; moreover, the trend of the
variation is correctly predicted by the perturbation theory.

It is seen that the first natufal frequency is insensitive to
values of a; the second natural frequency decreases significantly
only when o varies from 60° to 300; the third frequency can be con-
sidered to increase as early as qo = 700, and the fourth frequency is

seen to decrease even more rapidly.

The fact that the first natural frequency remains constant
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through changes in o is not in fact surprising; in the analysis developed
in Chapter III it has been pointed out that the corresponding mode is
practically a "wing mode"; all other components show rigid behavicr.

The values of the ratios Ai/il are tabulated below and give more

detailed information about the first mode shape.

E R s S Wiy TT T /%

& Ml 3 MM Ae/h 6/
90° | -0.02 - - - -

60° | -0.02 0.3 0.2 -0.26 0.26

45° -0.02 -0.03 -0.03 0.02 0.03

30° | -0.02 -0.017 -0.03 -0.014 0.03

The results show that for any angle of rotation the non-dimensional
Lagrange multipliers Xéto T} are small compared to Ii; as a consequence
both the fuselage and the wing will keep a symmetric behavior through
changes in o, practically the behavior of the straight configuration.
These conclusions follow directly from equations (125) and (127). More
specific results can be drawn from the table above for each configuration;
in particular, it can be seen that when o = 60° the value of Xé/i& is neg-
ligible compared to any Tﬁ/i&,i # 2; in this case equation (129) shows
that the tail will undergo mainly antisymmetric vibrations and since Wy

is less than the first corresponding free free natural frequency of the

tail, its modal behavior will be a rigid rotation.

Same argument applies to justify a rigid behavior of the fuselage.
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As o decreases further, the values of the ratios X&/Tl if1
become comparable and hence the antisymmetric characteristics alternate
in the tail's mode.

A more complete picture of the first mode is given in Figure 39.

The behavior of the airplane in the second mode can be analysed in

similar fashion, given the values of the ratios i; xy i=2, ....6.
a X,/ */ W X/%) "/
90° - - - - -
60° | -3.36 . 54.60 36.16 -6.32 -3.04
45° | -4.0 33.33 39.83 -2.71 -2.11
300 | -4.94 22.36 48.92 -1.12 -1.30

A first important remark is that the values of Ti/il,i = 3,5,6,
decrease as the wing and tail pivot from the straight configuration;
this shows that the second mode which originates from a mode of the
rolling type becomes progressively coupled witﬁ pitching.

It is also interesting to notice that iﬁ/il, Xﬁ/ié and Xﬁ/ﬁg.are
large compared to unity for the different values of angle o tabulated:
as a result, the fuselage will mainly undergo antisymmetric vibrations,
in fact rigid rotations in this range of frequencies,

Because Té/fl and Xﬁ/i& are large compared to unity, another general
feature of this mode is the antisymmetric behavior of the wing.

Finally, it can be seen that the'plunging mode hecomes increasinély

. . . . : L 0
important in the tail as it rotates from the straight position to 30",
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The evolution of this mode with the pivoting angle is shown in
Figure 40; the displacements have been normalized so that the larger
generalized coordinate for the wing be equal to 1.

Figure 41 shows the physical displacement of the components in
the third mode with same normalization as in Figure 40; this mode is
similar in nature to the second natural mode.

The analysis can be pursued for infinitely many modes, but very
seldom more than the first 10 or so modes are needed in a flutter in-
vestigation; they are very easily provided by the present analysis.
As an example, the first 10 natural frequencies are given for the

straight wing configuration (Chapter III) and for a 45° oblique wing

and tail:
Straight wing oblique wing percentage difference:
“n mode type Un | |“n90®  ~ “n4s® |
“ngp°
4,20 | pitching 4,20 - 0%
8.30 | rolling 7.87 5.2%
12.03 | rolling 12.5 3.9%
16.78 rolling 15.2 9.0%
18.75 | pitching 20.51 8.95%
21.65 | pitching 21.83 R.3%
23.5 pitching 23.82 14.0%
24.3 | rolling 37.54 524
25.14 | pitching 40,41 61%
40.09 | rolling 48.50 . 21%
40.6 pitching 53.88 26%
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The results show that the higher frequencies are more subject
to change when the wing and tail rotate; moreover the coupling between
a particular bending mode and a torsional mode has the effect of making
the higher of the two frequencies higher and this trend is shown in the

numerical results.

Discussion

The validity of the numerical results for such types of problems
is generally subject to the assumptions made in their modeling (in the
mathematical sense) and also very strongly dependent upon the methods
used in handling them.

If the basic assumptions for the problem are suggested by geometric
or elastic considerations, it is relatively easy to make a cholce giving
satisfactory results; a more detailed analysis has to be made concerning
the method by which these results are cbtained.

For instance, numerical results obtained by a perturbation method
can be subject to doubt if it is noticed a posteriori that the small
parameter was in fact of the order of unity. The present discussion
has the purpose of precisely pointing out the situations in which the
results given by the previous analysis have to be considered very cri-
tically. It has been mentioned that the important parameter in the
problem is the pivoting angle o defined between 0 and 180 degrees. The
case where o = 90° is a limiting case of uncoupled motion, case in which
both the elements of the eigenvalue matrix 634 and A56 vanish because

of the factored term sino cose. If this result is similarly true for

a = 0 or 180 degrees, care should be taken to avoid drawing conclusions
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from it. Indeed, the latest situations correspond to a structure
made of superimposed beams for which point contraint conditions are
unsuitable. The constraint conditions should either apply along the
line of contact in the one-dimensional theory, or else in this type
of vibrations the beams would perpetually hit each other.

The last remark would be true also when a is close to 0 or 180
degrees; sfich a type of constraint condition (assuming that its formu-
lation made sense) would be non-holonomic and thus the use of the
Lagrange multipliers would be invalid.

It is with this consideration in mind that the previous analysis
has not been pursued for oblicity angles of less than 300; these types
of situations are anyway very difficult to realize in practice.

The aforementioned limitation appears thus to be of theoretical
rather than practical importance; but it is necessary to have it in

mind when the method is used,for a critical analysis of the results.
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CHAPTER V

THE RAYLEIGH RITZ COMPONENT MODES METHOD USING

LAGRANGE MULTIPLIERS APPLIED TO PLATE PROBLEMS.

. Statement of the problem and basic assumptions

The problem of the lateral bending of plates is considerably more
complex than the one-dimensional problem of the beam theory. While the
eigenvalue problems leading to the natural frequencies and modes of
vibrations of_uniform beams with classical boundary conditions can
be solved analytically, this situation is completely different in
the two-dimensional theory of thin plates. Analytical solutions are
known rigourously only in very few cases (eg. the case of circular
plates by use of Bessel functions, or the case of rectangular plates
simply supported along at least two opposite edges).

For the other types of boundary conditions numerical methods
must be considered; for design purposes they should be general enough
s0 that they still apply when the plate is constrained in a slightly
different way. Unfortunately, most of the methods used so far have
been ad-hoc methods.

The purpose of the present Chapter is to show that the Rayleigh-
Ritz Component Modes Method, through its use of the Lagrange Multi-
pliers, applies to a very large class of problems and gives accurate
results for less effort than the corresponding ad-hoc methods. The
method requiers mainly basic intuition,(usuﬁlly suggested by the

physics of the problemyand is very flexible in its use.
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The bending vibrations which are under consideration correspond

to the classical small-deflexion theory of plates based on the follow-

ing assumptions:

(1)

(2

(3)

(4)

Points which lie on a normal to the mid-plane of the undeflected
plate lie on a normal to the mid-plane of the deflected plate.
This assumption corresponds to the dual assumption in beam theory
that '"plane sections remain plane" and "deflections due to éhear
may be neglected".

The stresses normal to the mid-plane of the plate, arising from
the applied loading, are negligible in comparison with the stresses
in the plane of the plate.

The slope of the deflected plate in any direction is small so that
its square may be neglected in comparison with unity, and_the de-
flections are small in comparison with the thickness of the plate.
The mid plane of the plate is a neutral plane, i.e. any mid plane
stresses arising from its deflection may be ignored.

Based upon these assumptions, the following problemes are considered:

Lateral vibrations of cantilivered plates

As mentioned in Chapter I, this problem has references in the

literature and thus the results obtained by the present method can be

checked for accuracy with numerical results already existing.

a) Principle of the Method

The structure under consideration is shown in Figure 42; it con-

sists of a rectangular plate of length L and width 21, clamped along

the edge x = 0.
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Its normal modes are sought in a Rayleigh Ritz expansion in terms
of the modes of a completely free plate,with the clamped condition
at x = 0 reinforced by‘means of Lagrange multipliers.

Although the ﬁormal modes on an unconstrained plate are themselves
given by approximate numerical methods, the foregoing development has
been adopted in view of its generality as being valid for any type of
support conditions.

These modes themselves are found in a Rayleigh Ritz analysis in
the form:

© (n)

2 ) = E EATX (IY () (165)
k=1 m=1

8

where Xi and Yi are the natural modes of a free-free beam and the
coefficients Akén) are related to the natural frequencies Kn in the

following eigenvalue problem:

2, (@) (n) 4 4, 4 2 =@ (n)
K_“A, . = A, . k., + sk, L A
nij ij ( i*t® j )+ s 1=1 =1 Ir

(v(mil mrj *w. wjr) + 2(1—u)ailajr)

(166)
where

ki : natural frequency parameter of a free-free beam

s : aspect ratio of the plate

v : Poisson ratio

= jxg' (&) X;(2) de

non dimensional length of beam

Wy .
1]
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= 1 (- ! = Qo,.
o J X5 (8) X' (e) de o5
non dimensional length of beam
The normal modes of the cantilivered plate are thus sought in the
form:
Wy =F FOE A ™ x v m (167)

n=1 k=1 m=1

b) Problem of the constraint conditions

According to equation (167), W(x,y,t) must satisfy the following

boundary conditions:

Wix = 0, v,t) =

t
[}
]
—
A
e
| A
Pk

(168)

B_W(X = 0,y,t)
X

i

)
)

—
i~

-
A
s

(169)

The two boundary conditions above are functional equations.
They can be reduced to one single boundary condition by con-
ceptually considering an unconstrained plate of double aspect ratio
in symmetric or antisymmetric vibrations about the y akis, as shown
in the lower part of Figure 42.
In the first case the oﬁly condition which has to be enforced is

W(0,y,t} = 0O for -l<y<1 {170)
in the second case the boundary condition to satisfy is

w (0, y,t) =0 for ~l<yx<l1 (171)
ax

Because the analysis of Chapter 1II shows that a more rapid convergence
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is obtained when using symmetric free-free beam modes, the first
possibility has been chosen. Then the summation in k in equation
(167) extends only over the even beam modes.

The additional term in the modified variational integral is:

1 ‘
I'A(y) W (0,y,t) dy = 0 (172)

-1
Direct manipulation of this integral is very cumbersome in the
Lagrangian method and therefore the integral has to be approximated.
Three basic alternatives are considered in the present analysis; the
theoretical development is pursued for each one of them and the results

compared

* First alternative

The following approximation is taken for the left hand side of

equation (172):

1 R

Aly) W(0,y,t) dy = lim L AMyIW(0,y,t)8(y-y,) (173)
-1 R+ r=1
where
T =y Yy s < Vg =1

* Second alternative

It is a step function approximation of the integral:
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1 R-1 : _ .
i MWy, dy = Lim T AN Oy - V) (174)

where the definition of the y_ is the same as in the DNirac approxi-

mation.

* Third alternative

This alternative consists in computing the integral by a trapezoidal

Tule:

1 R-1
flxcy)wco,y,t) dy = lim T Ay W0,y L)+ (Y, W0,y )y, q-Y,)  (175)
- & oT= -
2

with same definition of the Yoo

In each one of the casesthe following notation is adopted:

‘A(yr] = Ar.

c) Theoretical development; freguency equation

The kinetic energy of the unconstrained plate which mass density

per unit area is p , is given by:

11

o L1 7 1 wle,n,t) dE dn o (176)
-1 -1

T=1
2

Since

W{g,n,t) = 121=1 Q, (t)e (g,n)
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and by virtue of the orthonormality of the plate modes it follows:

2 (177)

If D is the bending stiffness of this plate of thickness h

3 the potential energy can be written as:

(D = Eh 3,
12(1-v2)
11, 2 2, .2 .2 2
U=1D I T (% + 201-v)((37W )~ 3w 37W) dxdy (178)
2 -1 -1 X3y sz ayz

Substitution of equation (167) into the previous expression yields:

_ @ @ @ o (n) (p)
vu=101% ¥ Qg ¢ ¥
2 |3 n=1 p=l % k=1 m=1,3 - 7

(v(wkl wrm+m1kwmr]+2(lﬁv)aklamr)) (179)

in which s = L/1.

By use of equation (166) and the orthonormality of the plate modes

it follows that

2 2
_ Q" (t) K, (180)

U=1D1
2

=g

—

avme e
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* in the first alternative

The modal expression of the constraint equation is:

R
lim I T A () (0,n.) =0
R+ e r=1 n=1 T Qn n T

so that the Lagrangian of the elastic structure is:

=% (1ou1qfmy+101k%q%)
n=1 2 % 5';3' n '
Lo Qn(t?¢n(0,nr)) | ' (181)

r=1

The subsequent Lagrange's equations are thus:

L] 2 ) ;
. leQn(t) + D1 Kn Qn(t) -z Ar¢n(0,nr) =0 n-=1,»
3 r=1
L
« 2 Qn(t) @n(ﬂ,nr) =0 | | r=1,>

n=1

With the assumed harmonic time dependence of the following form:

1 (172
f)

wt

0, = 4,7

A(t) =i Dle
T 3
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The generalized coordinates are solved in terms of the Lagrange

multipliers from the first set of equations:

q, = - = | (182)

and their substitution into the second set of equations givesthe

eigenvalue equation:

1 - >
sy . x=o0
where
a1y
s =% ¥y (Gn 2, 00n) (183)
TV
n=1 2 :
2 .
W - Kn
r=1,... vl

In the numerical analysis both the eigenvalue matrix and its series

elements will be given a finite form, i.e:

=
1]

1,2--- N N finite

r,v =1,2--- R R finite
The frequency equation is

det (AW () ) =0 | (184)
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and its solutions are the natural frequencies of the cantilivered plate

initially considered

* in the seceond alternative

The constraint equation can be written in modal form as:

| R-1
limz § 1A (t)e_ (0,1 ) (n
‘Re® p=] n=1 T (8% T

r+1 e (185

and the new expressions of the Lagrange's equations are:

‘e 2 ® _
. leQn(t) + Dl K "Q (t) - I llrén(ﬂ,nrJ(nr+1—nr) =0 (186)
L3 r=1 ‘
n=1,-¢
’ i:l Qﬂ(t) ano’nr) (nr+1 ) nr) =0 : (187)
r=1, =

Same harmonic time dependency is assumed in this case, and

i lj' (D )1/2 wt
A (t) =3 D L P
T I"—3
L

e

The generalized coordinates are given as functions of the Lagrange

multipliers by:

)

on ——
i=1 Ar ?nco’nr)(nr+1 ML

(188)
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and the elements of the eigenvalue matrix are in the finite form:

(2) N - -
s =g ¥0n )2 (0un ) o0 (ng,onyy (189)
v n=1 5 2

w - K

n
r,v =1, --- R-1

. {2 . ] .

It can be further noticed that Arv can be written in fact as:

(2} _ _ _ {1
Arv - (nr+1 nr) (nv+1 nv) arv
and hence
R-1 | |
get (33 )y - ﬂ;l (Noyy - nr)2 x det (A1) (@) (190)
p=

This last equation shows that the difference between the two alternatives
is that for the same finite number of plate modes and same accuracy
expected in the frequency, it is necessary to take one less point

in the subdivision of the y axis. The practical meaning is that the
order of the matrixes handled in the numerical computations decreases

by one in the second case. Although this fact is an improvement, it

is quite negligible compared to the improvement brought by the procedure
described in part a) which reduces by half the order of the eigenvalue

matrix.
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"* in the third alternative

The constraint equation can be written in the double serie form

as:

R-1
lim & % Q, ()1, -n) O

(O,n_ )+x 8 (0,n ))_
Rows  pel mel r+1' "r'n r’’=0 (191)

r+1¢n

2

and the subsequent Lagrange's equations are:

.. 2 -
e pl1 Q () +DLK Q () - 18 (n_, -n)
LS r=1
2
(Groyg 8,000, = 28 (0,n)) (192)

¢ wWith R > =

Qn(t) ¢ (0,n;) (n, - nlJ =0 (193)

3 o1

=1

b L% (® 4,0 (1ygony p) = 0 r=2,...R-1 (194)
n=

£ %) 3, (0ng) (ng - mp_g) = 0 (195)
n= ;

With same non-dimensionalization as previously,
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(196)

and the eigenvalue matrix A(SJ of order R is defined by its elements:

N
(3) _ 2 - 2
b7 =7 o (0,n)) (n, nl)
n=1
5 2
w - K
n
NE B (0,n,)¢ (0,n_)(n, - ny)( - )
rl = =] 2 L R Y e A T e
- 2
wz - K
n
r =1, R-1
3 N
bel” = TEI_I e (0,n,)e (0,np) (ny=ny) (ng="p_1?
= . >
w - K
n
3 _ 0
Ay’ T i:l ®n£0’nr) ®n(0’nv)(”r+1_nr-1)(nv+l - nv-1J
2
w2 - K
T
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N
(3) . - - ‘
b = I 2 (0n) 8, (0,ng) (mponp () (g - My )
n=1 2
w2 - K
bol
r =2, R-1
(3) 2,2 - 2
n=1
2 2
w - K
n

The eigenvalue determinant can be written after factorisation:

R-1 R-1

get 3w = o,y - n)? 0 7 dec@MP W)y a9n
r=1 T=2 ‘

and hence this approach is seen to be completely equivalent to the
first approach considered. This fact is somewhat surprising because
generally the trapezoidal rule provides better appro%imations of
integrals than does the Dirac functions method.

It can be noticed that in the process, the present method gives
also the natural frequencies of point-clamped plates; the number
of points and their location along the edge is completely arbitrary.
Furthermore, for each natural frequency the distribution of the
shear forces and/or bending moment is giveﬁ along the constrained

edge at the points of constraint.
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d) Natural frequencies of a square cantilivered plate

The first three natural fregquencies of a square cantilivered
plate are computed by the present method using the normal modes and
frequencies of an unconstrained plate of aspect ratio 2. The
analysis of Chapter III shows that five symmetric modes in the x
direction insure good convergence (they correspond to less than
0.1% error in the beam case); the number of free-free beam modes in
the y direction is chosen as a function of the number of points at
which the constraints are applied along the y axis and as a function
of the number of natural frequencies sought. For the present analysis
five free-free modes have been taken in the y direction. The changes
in the first three natural frequencies with the number of Eonstraint
points are shown in Figure 43,both for an approximation by Dirac functions
and by characteristic functions. As mentioned earlier, the second
alternative gives faster convergence and the results will be dis-
cussed for this approach; The asymptotic values corresponding to the
square cantilivered plate have been taken from Reference (35).

The lower part of Figure 43 shows that as the number of constraint
points increases, the first natural frequency increases monotonically
towards that of the cantilivered nlate. The results are further
analyzed in Figure 44 where the percentage difference with the canti-
livered case is plotted versus the number of constraint points.

It can be seen that with as little as three constraint points
{one in the middle and two at each extrémity) the plate can be con-

sidered clamped at the edge x = 0 in the first mode, with an error of
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only 1%. This result is to be expected because ©] cantilivered
= 3.494 is very close to the first natural frequency of a cantilivered
beam wy = 3.516 and hecause in this mode the plate undergoes only
translation in the y direction in a "beam-fibers" type of behavior.
The second natural frequency is seen to converge as well towards
that of a cantilivered plate when the number of constraint points
increase, as shows the middle portion of Figure 43. In this case the
variation is not monotonic per se, and this fact will be commented
upon later,
The percentage error from the case of the cantilivered plate
is plotted in Figure 45; it can be seen that with the characteristic

1

= 0 can be considered as completely clamped along the

function approach,a square plate clamped at the points n, = -1,
"3
edge in the second mode, with an error of only 0.7% in the natural
frequency. It is interesting to notice that as far as convergence
is concerned, there is no improvement in constraining the plate at
= -1,

= 0 wupon having only the point = -1 clamped. This

01 T]z T'Il

result comes from the fact that the modal behavior of a cantilivered

plate in the second mode in the y direction is a combination of

plunging and rotation. By imposing zero displacement at np = -1

we constrain YO and Yl, as for the point ny = 0 it is a redeen-

dant point for this particular type of constraint because Yl(O) = 0.
The method is seen to converge remarkably fast also in the

third mode as shows the upper part of Figure 43; this result is

even more remarkable considering that only 5 modes are used along



- 136 -

the y axis for as many as 3 points of constraint for instancé. For
this mode also,the percentage error with the member of constraint
points is plotted in Figure 46 and the corresponding mode ;hape of a
squared cantilivered plate is given for reference.

Higher natural frequencies could be obtained provided that more
modes are considered in the y- direction in the analysis giving the
normal modes and frequencies for the unconstrained plate,

For cantilivered plates with higher aspect ratio, same conclusions
are expected to be valid with an even smaller number of constraint
points. Also, the method is expected to converge even faster for
edge conditions physically closer to the free condition (as simply

supported, for instance).

. Vibrations of a rectangular plate with an internal support

As mentioned in Chapter I, an analytic solution is proposed to
)
the problem of symmetric-symmetric vibrations in Reference (36)

for the following configuration:
‘Y 3
1

{

r- Ll N —

*- g, -
[ —

o - - )

— e e e e e e o

0 L

-—.-—_—---_._...._-bx

The mixed boundary value problem is formulated in terms of dual

series equations; they are first partially solved by means of the

Bessel function Jl and then cast into the form of Abel's integral eauation
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for which the sﬁlution is given explicitely.

Although the method is matliematically interestiné; it only
applies to the particular foregoing problem and would fail to give
results if the line of support were to be displaced in the plate.

a) Principle of the method.

As in the previous paragraph, the mode shapes of the structure
are sought in terms of mode shapes of a less constrained plate. The
physics of the problem suggest these initial modes to be the modes of
a simply supported plate along all four edges; mathematically, they
offer the advantage of being known by their analytic expression.

Hence the modal solutions are sought in the following serie form:

Wix,y,t) = 2§ E Qo (t) sin mrx sin nwry (198)
m=1 m=1 L 1

0sxsbi0cysl
For motions symmetric about x = L/2, y = 1/2, the summations in m
and n extend to the odd subscripts only.
The boundafy conditions at the edges of the plate are already
satisfied by the initial choice of the snmectral expansion; the only
additicnal constraint to satisfy is that along the internal line of

support, i.e.:

Wix, 1, t)=0 for —c,< X <¢

o8]
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when only doubly symmetric modes are sought, this condition further

simplifies to:

Wix, 1, t) =20 for
2

C, < X <
1 —

o8] Nl

L -
2

The above equation requires the function f(x,t) = W(x,1,t) restricted
2

to - ¢ X < L to be identically zerc in this interval.
2

L
2
Assuming the function to be continuous in x in the interval of

: L - _ . P
r=1,R° 27 €1 TS
< Xg = L it is sufficient to require f(xR,t) =0 r=1,....R
2
In the limit, equation (199) is equivalent to the set of equations:

definition, if we choose a dense set (xr)

Wix, 1, t) =0 T = 1,R (200)
=
2
when R +» o,
The eigenvalue frequency equation will be derived based on this
form of the constraint conditon.

b) Lagrangian formulation of the problem; frequency equation.

The total kinetic energy of the structure is:

1 1 .
T=1ol1) J Wi(g,n,t) 4t dn (201)
2

where p is the mass density per unit area of the plate.

By use of equation (198) it follows:
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w ] M 2
pLl Z X Q ~(t)
m=1,3 n=1,3

T=1
2

(202)

Likewise, D being the bending stiffness of the plate and s its aspect

ratio,

(3W)% w1 (%)% + 2v 27w 9°
3E 13 anz 1L 3&™ an

=

(

O —
C
E

|
|

o)

[gW
3¥]

L
3

201-v) (%W ) %y g dn
1L atan

or, after substitution of equation (188)

1mE o QZw (mmisian?) 2
2 L m=1,3 n=1,3

U =

In equiﬁalent form,

v=1p1 § % QA (r) k2
2 m=1,3 n=1,3 m

L

where

k= mm)? « s*mm?

f 3 W +
2

(203)

By substitution of (198) into equations (200), the set of constraint

conditions is obtained in modal form as follows:
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b T 1y (m-1)/2 Q_(t) sinmmg_=0  r=1,R (204)

If Ar is taken as notation for A(gr], the Lagrangian of the system

can be written as

1 D1 K (t) +
E—"g' mn 'mn

£=F T ( 1 oLl (t) -
m=1,3 n=1,3 Qm

[

) (n_lj/?-

R
(-1 Qm () ¢ Ar sin mﬂﬁr)

r=1

and the subsequent equations of motion are:

R

. oLl an(t) -0l K, an(t) 7 (-1)(“‘1)/2Ar simmng_ = 0
r=1
L3
n=1, ., = (205)
» ¥ b ( 1)(“‘13/2an(t) sin mrE_ = 0 r=1,..R (206)

In a harmonic time dependent motion of the form:
i L
L

)1/2 wt

T | =

an(t) - 6ﬁn ©
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i 1 1/2

> ( wt

.
oo

Ap(E) = A DL
L3

the respective amplitudes of the generalized coordinates are given in

function of the Lagrange Multipliers,by:

R (n-1}/2_
z (-1) A_ sin mng
r=1 T r (207)

N =.0 (208)
where
A (w) = T sin mwg_ sim mwg 7 1 (209)
b m=1,3 r Vons1,3 ., 2
we . x.
mn

The natural frequencies of the structure are solutions of the equation

det (& (@) ) =0

c) Numerical results.

The analysis of Reference (36) treats the case of a simply

supported square plate and gives the variation of the fundamental
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natural frequency with the length of the internal support. For
purpose of comparison, the method is applied in the same case. Six
symmetric modes are considered in the y direction and five more

symmetric modes than constraint points in the x direction.

The results are summarized in the table which follows:

* *
1 e hresem wewod LTSIt et
0 2.665 2.668 0.9% £ =0,5
0.1 2.898 2.966 2.6% g ! (0.45,0.5)
0.2 3.164 3.160 0.13% £ : (0.4,0.5)
0.3 3.353 3.360 0.21% g : (0.35,0.5)
0.4 3.451 3.456 0.15% £ (0.3,0.4,0.5)
0.5 3.492 3.480 0.36% £ : (0.25,0.325,0.5)
0.6 3.507 3.509 0.06% £ :(0.2,0.3,0.4,0.5)
1.0 3,512 3.514 0.06% £ :(0.1,0.2,0.3,0.4,0.5)
2c
It can be seen that except for the value _El.= 0'1, there is less

than 1% disagreement between the fundamental frequencies obtained by
the two methods. Moreover, as shows the fifth column, the number of
points approximating the line of support is never greater than 5 and
hence the corresponding sizes of matrices are being kept small.

The functional dependence of the fundamental frequercy upon the
length of the line of support is plotted in Figure 47 and indeed the

results are in good agreement considering the scale used.
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d) Conclusion.

The numerical results tabulated in column four make any comment
on the convergence of the method unnecessary;

It has to be pointed out that such a good convergence is due par-
tially to the particular choice of the initial modes which verify the
boundary conditions at the edge and which are known in analytic form
‘and hence do not have an intrinsec error.

The problem can be solved alternatively by using unconstrained
plate modes, but this choise has for effect in increasing the number
of constraint conditions required. More precisely, the ana}ysis of
Reference (44) shows that for the first six natural frequencies a simply
supported square plate can be approximated to a good degree of accu-
racy by a point supported plate with four points of support along each
edge, and thus the last alternative would include 12 additional ponc-
tual constraint equations.

If the line of suppdrt were to be moved in the plate, there the
method would still aﬁply with the following modifications.

(1) the sumation in m and n in equation (198) should be extended
to both even and odd subscripts

(2) the points of constraint should lie along the entire line of
support and no longer be restrainedAonly to its half,

The first medification does not bring any significant increase
in the computation time because it corresponds to operatiﬁns of adding;
the second modification would increase the size of the eigenvalue
matrices by a factor of two (as their initial size was already smz’l,

such a modification does not represent any real inconvenience).
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CHAPTER - y1

CONCLUSIONS AND RECOMMENDED FUTURE WORK.

Conclusions

The Rayleigh-Ritz Component Modes method using Lagrange Multipliers
has been shown to predict with good accuracy the modal behavior of
linear elastic structures of various degrees of complexity; it has been
seen that the analysis offers computational'advantages through its
convenient matrix formulation and clear physical interpretation.

Good convergence has been obtained in several cases where other
analytical results were available. Moreover, for structures with non-
unifqrm properties, because the convergence is based upon several
independent parameters, there is more than one procedure for obtaining
good accuracy in the solutions. The discussion presented in Chapter II
suggests a systematic procedure economical from the point of view of

computation time,

The method may be used either as a Rayleigh-Ritz type method or a
Finite-Element type method. 1In the Rayleigh-Ritz option one employs a fixed
number of components and systematically increases the number of modes per
component; conversely in the Finite-Element option one fixes the number of
modes per component and systematically increases the number of components
(or elements). Thus, potentically, it is more flexible in its use and has

_better convergence characteristics than either of the conventional methods.

The main factors upon which the success in the application of

the method depends are the following:

1) an adequate mathematical model of the components of the structure
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(within the framework of linear elasticity and small deflection
theory]),

2) an accurate knowledge of the natural modes and frequencies of
vibration of the unconstrained components,

3) a suitable formulation of the constraint éonditions describing the
connections between components and, of course, a suitable choice of

the degrees of freedom for each component.

As a consequence of 1)}, the present theory has the limitations in-
herent in linear mbdels. The second point mentioned above is particularly
critical when one or several components of the overall structure are
modeled by shells, for instance, because of the difficulty of ob-
taining a good modal representatibn for them, This fact will be commented
upon later.

Finally, as is pointed out in Chapter IV, care has to be taken in
chebking that the constraint equations can be expressed in holonomic
form sé that the use of the Lagrange Multipliers is valid. The problem
of twd structuresstriking each other during vibration for inétance, can-
not be treated by the preseﬁi imethod. For the probléms'for which the
use of the Lagrange Multipliers is justified, the present method is
convenient also for computing the internal forces developed at the
points of constraint. The analysis of Appendix VII shbws that the
values of the Lagrange Multipliers are much closer to the actual values
of the shear forces and bénding moments at those points, than the

values directly given by differentiation of the modal shape.
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Recommended future work

The modal behavior of arbitrarily constrained plates with non-
uniform properties can be investigated by eitending the analysis
developed in Chapters II and V; it is éxpected that the more sensitive
parameter for the convergence of such problems is the number of substruc-
tures {or uniform plate elements) considered, rather than the num-
ber of unconstrained plate modes used for each component. (The latter

depends upon the number of constraint points taken along each edge of

the plate elements and their respective bending stiffnesses).
Vibrations of structures with shell components can be also treated by
the present‘method; however, the problem is then of greater complexity.
First of all, it is very complicated to formulate and find solutions

of the characteristic free vibration equations; while the form of the
classical fourth order equations of motion for plates is universally
approved, there are numerous shell theories which have been derived

for a given shell configuration. Hence, first the theory adopted for
obtaining the unconstrained frequencies and mode shapeé should be chosen
by checking the different assumptions which give rise to that theory,
Additional complexity enters into the problem because of the question
of the boundary conditions. The classical bending theory of plates
requires only two conditions to be specified along an edge, while a
corresponding shell theory requires four specified conditions. How-
ever, there are already available results, primarily for circular cylin-
drical shells, as can be seen in Reference (47).

Another problem which is of interest in structural dynamics is that

of the determination of the modal damping of a given complex structure.
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The analysis presented in Appendix II takes into consideration only the
structural damping per se. However, sometimes the damping occurring in
structural joints is the major contributor to the total damping of the
structure, and hence an open area for further research is that of mo-
deling the joint damping so that it can be incorporated as a constraint
condition in the present method. In Reference (48), some experimental

attempts are presented for modeling the various types of joint damping

occurring in the orbiting Skylab cluster.

In Chapter IV, an analysis for determining the structural modes
of an airplane with oblique configuration is develbped; the results
can be directly used for a flutter or gust response analysis. As
a first step, a simple aerodynamic theory could be considered (such as
piston theory,'or aerodynamic stfip theory for instance); then the

problem can be pursued with more comnlex aerodynamic onerators.
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APPENDIX I

BY A PERTURBATION - GALERKIN METHOD.

Introduction

The purpose of this Appendix is to present an alternative method
to the Rayleigh Ritz component modes method presented in Chapter IT,
for continuous beams with variable stiffness along the span.

The method previously presented applies with great simplicity
to the treatment of stepped or almost - stepped beams, where the number
of components is determined by the number of “steps' of the beam. This
number is then finite and the convergence problem identifies with the
convergence of the Rayleigh-Ritz method. Because of the simplicity
and efficiency of the analysis, hardly any other alternative method
could be considered for such problems,

For this reason, only the case of beams with continuously
varying properties has been investigated by an alternative method.

. Theoretical development

The variations in the bending stiffness of an elastic beam can
be caused by the change in the elastic properties of the material
{in particular the Young modulus) and/or variations in the geometry
along the span. If changes in E occur, we shall assume them con-
tinuous and smooth; as for changes in the geometry, only slowly vary-
ing properties along the span are meaningfull within the one-dimen-
sional theory of continuous beams. The previous considerations

suggest a ''perturbation - type' approach,
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Unlike the method presented in Chapter II, this method does not
adopt a variational point of view and the starting point is the differ-
ential equation and the associated boundary conditions.

a) Notations

EI(x} : bending stiffness at station x
EIO : mean value of EI(x)

p : mass density
Alx) : cross sectional area at station x
Ao : mean value of A(x)

v(x,t} : transverse displacement of the bent beam
w(x) : normal mode shape of the bent beam
8 1 Kroenecker's symhol

np
b) Development of the problem

The differential equation governing the transversal vibration of
a non-uniform beam is:
2
d

— (EI(x) gfz_(x,t)) + pA(X) EEX {x,t) =0 0=<x<1L (210)
IX 2

o]

ax 9t

and can be written in non-dimensional form as follows:

132 E1) 9y (5,1) + eAG®) By (6,0 =0 (211)
L4 ag2 aE" 32

The normal modes are found by a solution of the form:

it
y(E,t) = w(g) ©
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which when substituted into equétion {211) leads to:

2
L BIELE ¢y ) - patra®ne = o (212)

L4 dg dg

We introduce the following definitions:

£(£)

(EI(E) - BI )oax
and
g(g) = A(E) - A (214)
(ACE) - A
The above defined functions satisfy
@ <l and | gty 1< | #ee[-1, 1]
and the quantity
e = larger of (| EI(g) - EIOlmax ) | A(g) - Aolmax } {215}
ET A
o ]
is small compared to unity.
Using (213), (214), (215), EI(£) and A(E) can be written:
EI(£) = EI_ (1 + N(e) £ () ) (216)
A(E) = A (1 + M) g(8) ) (217)
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with obvious definitions of N(e) and M(e) from (215).

By substituting (216) and (217) into (212) this equation becomes :

EI 4 : ,
2 (1N ) TNE L L e EO
L ag? L dE
aSwegy  EI d®£(x) ,
= =2 N() g2 - A (1+M(e)g(£)) Q7W(E) = O (218)
dg L 2 °

So far no specific boundary conditions have been assigned, in fact the
method will be developed for any arbitrary type of boundary conditionms,
noted B.C.

Solutions are sought in the form:

OR ORI MCING (219)
ﬂn =W+ §=1 Fi(e) Qin . (220)

with

tim  Eie1 ) o qim Fia(®) - g
e>+0 e~+(}
E; (e) F, ()

Substitution into (218) yields the perturbation equation:

EI L4 4
2 aweem ) Ch® e e Su®
L

de? ast
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4
E,e) ¢ 0208 Ly B ey MR
agt L4 de
3 3 3
d7¢ (&) d7s_. (&) d e, (&)
2 + El(s) -—lgé——— + Ez(s) ———l%%—— + ... o+
dg dg dg
2 2. . 2
EI d*f(g) d%¢_(&) d e . (&)
© N(e) - (—2—" 4 B (e) —1
L dz dg dg
d%e_, (£)
E,e) 2t oy <o (M(e)g(e) )
ae?

2 2 2 :
(w,” *+ 2P (w @, + F7(edQ 7 * 2F,(du O o +...)

1 2

(6, (8) + E ()3 1 (8) + Ey()8 ,(8) + ...) = 0 (221)

From the boundary conditions B.C. we determine boundary conditions for
the functions ‘i’ni (g).
For example, in the case of a cantilivered beam clamped at the end

& = 0 the boundary conditions are:

W) =dWw (0) =0
d

EI(L) d% (1) = d (BI(E) 4% (&) ) (1) = o

dg? de de
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from which we determine the boundary conditions on @ni (£) using

(219)
¢ . (0) = i) =0 (222)
dg
2 3 .
s .1y _d . =0 (223)
ag? ooa?

The problem is now well defined at each order and solved as follows:

* Zeroth order solution

It is as expected, ¢n(£) satisfying the zeroth order problem:

4 2 ~
1 a% (8) - oAl o (2) = 0 | (224)
L4 agd '
i B.C.

* First order solution (solution at order El(e))
For almost all the cases of interest the slow variations in EI
() and A (&) have comparable lowest order terms, which can be written
using Landau's notation:
N(e) = 0 (M(g) }
{(i.e. lim {(N{e}/ M(e) )} is finite)
e+ 0

Solutions are sought such that:

E;e) =0(M(e) ) :  F () = O(M(e} ) (225)
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and hence the first order problem is:

4 2 2 2.
?io_ m - PRy ey (B d—2 ceeey 9 9By
L e dg ac2
* PA (2mn9ni¢n(5) + g(&)wﬁ ¢n(g) ) (226)
B.C.

(p)

We denote by Sid the elements of the spectral decomposition of

¢ , 1l.e.:

ni{
24 () = bt séEJ ¢p(£) (227)
p=1
@ _
S = o ¢ 4 () ¢p(s) dg (228}

and we apply a Galerkin procedure to equation (226).

It follows, using B.C. that:

1 .2 2
ea (w2 - wly sB) o U FTg T ey ) g (g
P n° o n 0 3 5 P
L e dr

1
2
+ oA (20 2, dnp +ul é g(£)¢n(E)¢p££Jd£)

for n = p, 2 , 1is determined by:
1 1
oy = el § e 20)de - L e(e)e 2)ds] (229)
M nt =7 O n o ELJe, (8 ;
k
2 n
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where kn is non-dimensional frequency parameter of the reference beam.

and for n # p the sﬁg) are determined by:

1

2
(P) _ W N 1 I Tt
s = (- T f(&)cb'r'l(awp (£) dE +
2 2 4
w - W k
P n n
I1
o g(a)¢n(£)¢p(£)d£} (230)
From the normalization condition é W(E)de = 1 it follows
(n) _
sni =0

The solutions at the next order are determined by a similar.

type of procedure.

3. Beams with linear bending stiffness and mass distribution along the span
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A beam of such type is i1llustrated above. The width distribution along
the span is given by b(g) = bo(l + £} where € = o(l)

The analysis of the previous paragraph applies with

£(8) = g(g) = & (231)

u(e) = M{(e) = ¢ (232)
and sclutions are formed with

Ei(E) = Fi(s) = si . (233)

for various types of boundary conditions.

It can be noted that relations (231} and (232) hold not only for
the particular type of beams shown in the figure, but are more general
(there are multiple ways in which EI{x} and the mass distribution /unit
length, m(x) can be made to vary linearly along the span). In fact

formula (231) and (232) could have been taken as starting points.

Free-free beams.

The first order corrections to the natural frequencies in

are found to be zero; the corresponding corrections to the mode shapes

are:
- 5
¢ (8} = ;:1 16ﬂnap k AEP ¢p(5) (234)
p different k A k 4
parity than P n
n

where the values of the o~ are given in Reference (21).
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On the basis of this result it can be concluded that the natural
frequencies of such beams can be considered within a reasonable degree
of accuracy as being the same as the natural frequencies of the
uniform beams of reference, the degree of accuracy being determined
in its majo? part by the value of an (the nekt higher term in the
serie (220),. It is also significant to notice from formula (234)
that the corrections in the mode shapes at the first order are the
corrections due to the fact that there is no longer symmetry about the
middle of the beam, and thus although the boundary conditions are
symnetrical, the modes are no longer even or odd functions.

Finally, the ﬂnz are determined by solving the second order

problem and found to be:

o 4 4
__w (ak (6 ~1ak)+I - (k." -k ") x
Qn2 EE' nn 5 nn k=1 ! P
k # parity
than n
(k) (@
St Spma ) (235)

with the notations of paragraph 2.

Clamped - free beams.

The natural frequencies of such cantilivered beams are given at

the first order by:

Qn = w0 (1 - 2¢ EEE ) _ (236)
n

-

and the associated modes:
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= 3

W) =2¢ () ~-¢et 8 a0 k7 k n+p 5

n n p=1 n4p n 42 ¢ (-1 knz B kp )¢p(£)
p#n kp - kn

Equation (236) shows that at first order w bounds Qn from above if
e>0 and from below if e>o and that for a given & the first order
correction decreases in absolute value with ng the order of the natural

frequency sought.

Clamped - clamped beams

This type of boundary conditions leads to similar conclusions
about the natural modes and freguencies as in the free-free case; such
a result is expected because the free-free and the clamped-clamped

modes in the constant case are related by:

2
(4 (2) ) = (24
free-free 2
dg clamped-clamped

Beams simply supported at both ends.

The previous conclusions apply again and the natural frequencies

up to the second order are found to be:

® 5.
2 1 + I 16 p
.= w 1+¢” | 2
n n 2 p=l 54,2 2,2 (wp” - 1)
(2nm) péparity n“r (n"-p7) —=
than n

The serie in the right hand side of the eguation is convergent, its

general term being of the order of 1/p3.

The modes shapes are determined at first order by:
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, 3
W (E) = sinng - ¢ 4p” singne

]

ol

p=1 7 2 72
T~ pfparity (n"+p ) (0,p )
than n

The other possible types of boundary conditions present no
difficulty and the modal characteristics can be found from paragraph
2 in similar fashion.

It is to be noted that for the foregoing class of beams, the
natural frequencies are closer to the natural frequencies of the
beams of reference when symmetrical boundary conditions apply that for

the other types of boundary conditions.

. Tapered truncated cantiliver beams with elliptical cross section.

This class of beams is a reasonable approximation of high
aspect ratio airplane wings and therefore it is of interest to
investigate the modal behavior of such structures by the method
developed in paragraph 2. The type of configuration considered is

the following: T 4
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h(g) =h - eg ; b(g) = b - aef

o<e<<] H o <& < 1
The corresponding mathematical model is given by the differential

equation (212) aid the boundary conditions B.C. are:

E!'X (OJ = 0
y(o) = dE (237)
a2 FE
EI(1) __y (1) =d (BI(8) "y (&) ) =0 (238)
2 de 2

dg dg £E=1

The cross sectional area and structural moment of inertia are:

A(g) = w b(E) h(&) {239)
I{g) = m b(&) h(§) (240)
61

and consequently, the method of paragrpah 2  applies for the particular

functions:

AGE) - A =-mb_ec (1+2o - 2%,

b b
o 0

. _ _ 2 _ah
EI(&) - BI_ = ET ecf h“b (3-"0) =+
64 b
0
h .
seth b (1 + Moy - &3 (14 3o, aete?
b b

o} 0
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The first order solutions for the natural frequencies are

found to be

‘ e 2a2 ah
Qn = w | 1+-F~ -1- n (4+ 0))) , (241)
n o] 2 X 2 b '
n 0

The first order correction in the right hand side increases linearly

with aho the taper ratio between the chord and ‘the thickness; more-
b.
over thi% correction is .always negative for the natural frequencies QP

for which kp > 2 v 4+ taper ratio.
This formula is significant for desigﬁ purposes because it indi-
cates in which manner to adjust the taper ratio such as to increase
the value of a resonant frequency which is within an undesirable range.
This formula shows that the effect of the taper is to increase
the fundamental resonant frequency regardless of the taper ratio, but
the value of the second.nétural frequency can Be in;reased by choosing

configurations for which a > 1.5 bo.

h
o]

The first order solutions for the normal modes are found to be:

INCEENORY "SI v ‘o i
p= 2 n+p
o T IO G (™)
k4 k2
n n
P R ' '
¢ 21 + 3+ aho ) 6, () (242)
q_ﬁ - (n™P) b
K 2
n
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It can be easily checked (by looking at the order of magnitude
of the general term) that the serie on the right hand side of the

above equation is convergent.

Conclusion and discussion on the limitatiens of the method.

Like every pertubation method, this analysis is based in large
part on the assumption that € is a small quantity. The term 'small"
however has no intrinsec meaning; for perturbation problems & Iis
considered small if the specific perturbation method gives consistent
results. Hence the important problem when dealing with such methods
is to know what error in the results is associated with a given ¢ .
If this error is acceptable for the specific engineering purpose for

which the problem is solved, then e can be assumed small; if on the

contrary, a sufficiently large number of terms in the perturbation serie

does not give a satisfactory result, then the value of e does not
justify the vélidity of that perturbation method.

As an illustration of the above, the method is applied to tapered
cantiliver beams for which the theoretical results are given in the
paragraph 3  of this Appendii. The accuracy in the first three
natural frequency is based on the comparison with analytical results
of Reference (22),

OCne-term perturbation solutions are compared to the exact solu-
tions for different values of ¢ , and the percentage errors are
plotted versus e for each of the three frequencies in Figures 48,
49, 50.

Figure 48 shows that the one-term solution for the fundamental
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ffequency is really accurate only for € small compared to unity.
For e = 0.5 the percentage error in the frequency‘is 6.03% and in-
treases relatively fast to 9.21% for € = 0.6.

If a more accurate solution is needed for the fundamental
frequency of cantilivered beams which such taper, then it is
necessary to proceed to a second order analysis, or to highef order
if needed.

However, as it can be seen iﬁ Figures 49 and 50 when the second
and third natural frequencies are sought, even a one-term solution is
highly satisfactorf by this method. |

For values of ¢ as high as 0.7 there is only 5% error for the
second natural frequency and only. 2% error for the third natural
frequency.

This perturbation analysis does not present loss in accuracy
for higher modes and therefore seems particularly suitable when'fhe :

determination of the higher harmonics is desired.
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APPENDIX II

ANALYSTS OF MODAL DAMPING BY COMPONENT MODES METHOD

USING LAGRANGE MULTIPLIERS

Introduction -

In a rencent note Hallquist and Synder (Reference (42}) formally
analysed a linear, damped vibrating system with arbitrary support con-
ditions using Lagrange multipliers. This method is dependent upon
determining the coefficients Cij of the Rayleigh dissipation function
for damping. Most commonly, in fact, what can be determined experiment-
ally are the damping coefficients relative to the classical undamped
normal modes of a structure. In their recent paper (Reference (43))
Kana and Huzar developed an empirical method for predicting the modal
damping of a Space Shuttle model‘by means of damping measurements
performed on the individual substructures. As an alternative, presented
here is a theoretical analysis which extends that of References (3)
and (4) to the determination of the modal behavior of a damped linear

elastic structure of arbitrary complexity by a éomponent mode method.

. Theoretical Development

We conceptually disassemble the structure into N simple components

for which we know for each mode:

a) the generalized masses Mj(n) j=1,2, .... 3 n-=1, N
b) the damping coefficients Cj(n) j=1,2, :on =1, N
c) the natural undamped frequency w (n) j=1,2,... ¢ n=1, ....N

For the total system:



Kinetic energy:

N w© 2 .
1z % m) ;. ‘) 243
= 3= 41 M7 9 (243)
Potential energy:
NG 2 2
u =% 1§ o™, ® M (244)
n=l j=1 J i _
Damping dissipation function:
N . 2
D -1 z E 2;.(n) w“(n) M.(n) q.(n) (245)
2 n=l1j=1 ] ] ]

Here we assume that the damped and undamped modes of components (though
not necessarily of overall structure) are indistinguishable.

Interconnecting conditions between the components:

N
IR S o ' (246)
n=1 j=1 T J
Lagrangian:
- R
L=T+D-U+2I AFf
n=1 rTrrT

where T, I and fr are given respectively by equations (243), (244),

{245) and (246).
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Lagrange's equations are thus

R
2
- ' m, m 1~ (n) _
M, () a, (n), 22, (n)UJj (n) Q m a, n q; n L, }‘rBrjr =0 (247)

Assume time dependent motion of the form,

q () 4y - EJ. M) o(pn + in /lT,Evzjt

2 ()= ‘x‘r e(-8Q + if /1_-’52")':

The Eigenvalue equation is then obtained from (246) and (247), as

| qu | = 0
where
N (n) (n)
A =L I BPJ‘ Bpi
e P M)  (n) (n)2
M, { [97(2B"-1)+2¢, w. - NBR+w, 1 +
i j j j
210 .v’i“-‘sz"(cj (“ij M) _ gy 3 (248)

For the case where the damping coefficients of the components
are small for each mode, a first order approximation of equation (248)

leads to
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N (n} 2
s =2 £ p g™ g™
PI qep g1 RIW T

M-(n) (wj(n] _92)2

- 2oinee, ™ Maam 1 (209)

Thus to first order, for small damping, the natural frequencies,

@, are the same as for the undamped system.

3. ExamEIe:

The ﬁtility of the method is now illustrated by a simﬁle-example
which is that of a structure composed of two identi;al beams conneéted
at tﬁeir middle. ‘In particular, for doubly symmetric vibrations, the
single constraint condition reduces to the equality of the displacements
at the mid-point. The natural frequencies and damping c0qfficients in

each mode are given by (from equation (248) for N = 1)

[ = 2 2 2 o
¥ $.500) (w.© -0 = 0 (250)
j=0,2,4 7 - A
.2 - 972
J .
¥ 0,200  R(f.0,-98) = 0 (251)
j=0,234 J )] .
2 2
o= 0
(LUJ )

where wj represents an unconstrained beam mode.

The solutions Qj = R Bj = Cj corresponding to A = 0 are phy-

sically valid and represent modes in which the beams vibrate symmetrically
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together, without any constraint force required.

Other solutions for X # 0 are given hy:

( 2

3 v, 0 =0 (252)

§=0,2,4 L -

L2 o2
j

) 2
PooF ENOR w. - 98 ) =0 253
‘l 02,4 wj 0y @ ¢ ::ij ) (253)
! (w.2 - Qz)

J

One can show that there is one root of the frequency equation (252)
in between each two consecutive unconstrained natural frequencies w..
A two-term analysis for the fundamental bending mode gives:

Q

il

0.758 W,

0.758 C2

8
In this mode, the overall structure is more flexible than its

individual components and contains less damping.

. Piscussion and Conclusions:

For any arbitrary structure the natural frequencies and modal
damping can be predicted from the knowledge of the natural frequencies
and damping coefficients of each of the components. All parameters
appearing in the analysis can be measured experimentally and the
technique is simple and offers physical clarity. Further study needs

to be given to the damping which may arise at the connection of the

components per se.
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APPENDIX III

FREE VIBRATIONS OF A BEAM CLAMPED IN ITS MIDDLE BY A

RAYLEIGH RITZ METHOD USING LAGRANGE MULTIPLIERS.

Introduction ; statement of the problem.

The present analysis is mainly intended as background for the studies
of the limiting cases considered in Chapters III and IV. The problem
considered is that of a beam of length 2L, free at both ends and clamped

in the middle, aé illustrated below:

"4
"z
M: half mass of the beam
EI: bending stiffness
¢i(5): unconstrained beam modes - 1< £ <%
ki: corresponding non-dimensional frequency parameters.

W(Z,t):bending displacement of the beam
The kinetic and potential energies of the beam are:

1

1M ] wl (e, t) de ‘ (253)
2 , '



- 170 -

1
1B L W, ae (254)
2

L

U =

2. Modal analysis using even modes of an unconstrained beam.

The modal displacements are sought on the form:

W(e,t) =% q (t) ¢ (E) (255)
n=1,3

»

and thus (253) and (254) become

ko a “(t) (256)

by virtue of the orthonormality of the ¢i(5).‘Because of the choice
of even beam modes, the only condition for the beam to be clamped in

the middle is:

w{o,t) = 0
or, by use of (255)
3 a (t) ¢ (0) =0 (257)
n=1,3

The corresponding Lagrangian is:

L =E M .:}ﬁ(t) - g_g_kn" qnz(t) + Aq (t)e (0 )
n=1,3 2 ‘ 2L3

and the subsequent Lagrange's equations are:
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.- 4 _ . .
+ M qn(t) + }_3_% kn q.n(t) - )\cbn(O) =0 n=1,...
L

o (t) ¢ _(0) = 0
n=1,3 n n

Harmonic solutions are sought in the form:

I/2
i ( EI )
- — Wt
() =9, e TR
If2
i { EI ) ot
3
A(t) = A EI ML
—3 e
L
and thus:
q, = - X9 (0) - (258)
L1)2 -k 4
n
® — 2
2 e T(0) _ :
nel,3 B~ =0 | (259)
w2 -k 4
n

Equation (259) leads to the frequency equation:
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(260)

and equations (258) determine the generalized coordinates for each
natural frequency. The mode shapes are then given by equation (255).

3. Modal analysis using antisymmetric modes of an unconstrained beam,

Only odd free-free beam modes are used in the modal serie:

W(g,t) = % (t) ¢ (&)
n=2,4 *n n

1
[
| A

£< 1 (261)

and equations (253) and (254) become:

T=1MZT qnz(t) (262)
Z n=2,4
@ 4 2
U=1 EI k (t) (263)
2 13 n=2,4 n

The zero-displacement condition at the middle of the beam is
already satisfied by the coice of the antisymmetric modes in the
analysis; however the beam has to be constrained so that:

1l W'(o,t) =0
L
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or using (261)

b q (t) ¢'_(0) =0 (264)
. |

1
L n=2,4

If u is the Lagrange Multiplier corresponding to the above con-

straint, the equations of motion are:

$ Mg (1) + l_E_I_kn4 q () = ué' (0) =0 n=l,...=
L L

. £ (t) ¢'_(0) =0
n=2,4 Eﬂ~— n
L

Harmonic time dependent input is assumed as follows:

1/2

i (EL_) wt
MLS
q,(t) =q e
i ( EI_ ) 1/2 wt
ML

-~ and hence the Lagrange's equations are equivalent to the system:

—_ '
q =20 (265)
2 4 : ,
AN kn

T 2 .
o ¢', (0 =0 © (266)
z ] -"--2-'—--'--'-——-4- . .
n=2,4 w -k
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From the eigenvalue equation ({266) we obtain the frequency

equation:
© ¢! 2(0) =0 (267)
L n ,
n=2,4 m2 R
n

and equations (265) and (261) determine the corresponding modal

displacements.

. Discussion

Although a more elaborate analysis is ﬁreseﬁted in Chapter III,
a two-mﬁdes aﬁproximation of the frequency equation can givé some
insight on the rate of convergence of the fundamental frequency
according to the type of modes used.

A two-terms expansion of equation (26Q) gives:

2 _
1 + ¢3 (0) = 0
2m2 mz-k34

and yields the following solution for the fundamental frequency:

w = 3,553

with the values of ¢3(0) and k_, given in Reference (35).

3
Hence, a two-symmetric-modes analysis is seen to produce an error of
about 1% in the fundamental natural frequency.

If two antisymmetric modes are used in equation (267), the fun-

damental natural frequency is given by



- 175 -

-1/2
_ 2 2
w = k4 (1+2 ¢'4 (0

3
and with the values of k4 and ¢'4(0) given in Reference (35),

vields the numerical value:

w = 4.709"

In the analysis using antisymmetric modes, a two-modes apprbximation
gives a 5.4% error in the fundamental frequency and thus we can

anticipate better convergence using symmetric modes.
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APPENDIX IV

MODAL ANALYSIS OF A FLEXIBLE AIRPLANE WITH LOW ASPECT RATIO WING AND TAIL

1. Introduction

The present analysis extends the study of Chapter III to the
more general case of a flexible airplane with a wing and t311 of

finite or low aspect ratios.

Such a configuration is illustrated below.

In this analysis the fuselage has a one-dimensional beam repre-
sentation with freedom in bending and torsion, while the wing and
tail are represented by uniform plates undergoing bending in the x
and y ~directions.

Each one of the components is given a linear treatment,. geo-

metrically and elastically.
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The rigid body dynamics of-this structure are similar in éoncept
to those investigated in Chapter III.

Because of the geometrical symmetry, pitching and rolling @otions
can be considered independently of each other. Yaw-type of motions are

not in the purpose of this analysis.

Modal analysis for motions of the rolling type.

Such motions are characterized by pure twisting of the fuselage,
and antisymmetric behavior of the wing and tail about the x axis.

The approach is based upon the use of free-free twisting modes
fof the fuselage and unconstrained pléte modes with antisymmetry |
about the x axis, for the wing and tail. More specifically, the

latter modes are of the form:

& (x,y) =& ¥ (M) v 1Y (y) 268
n k=1 m=2,4 Akm k m y | ( )
‘where

Xk and Ym are free-free beam modes,and the "weighting" coefficients
Aé;) are found together with the natural frequencies Kﬁ by solving

the eigenvalue problem:

M) 4. 4 4 2% = M),
Aem” (g + 8 km ) + s §=1 i=2 4 Ar [J(wklwrm+m1kwmr) *
2 n
2 (1-)ey o 1 = K2 (m) (269)

In the above €quation:

ki: natural frequency parameter of free-free bean.
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s : ratio length/width plate

v : Poisson ratio of plate
1
- o ow
oy = 1 XT0) Xy (0048
Il
- t ' -

The angular displacement of the fuselage ©(x,t) 1is sought given

by the following serie:

olx,t) =i P () 8 (x) ~L<x<L (270)
n=1 '

Bn[x): free-free modes in twisting

and the bending displacements of‘the wing and tail Wlti,y,t) and W2

(x,¥,t) are sought in the forms:

W (x,y,t) = :Z;l o, M Moy - 1 exsr, (271)
wz(x,y.t) = §=1 qn(z)(t} ®n(2)(x,y) - L2 <X §_L2 (272)
- 12 <y i 12

If the wing and tail have different ratios length/width 6 then:
(1) (2) ,
¢ YY) A T (x,Y)

The total kinetic energy of the structure is;
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| L e . 1 o,
T=11 1 1 Gz(x,t) dx + flﬁ ! le(x,y,t) dm, *+

L, 1, .
12 02 w2 (xy,t) dny ] ' | (273)

where I is the mass moment of inertia per unit length of. the fuselage
about the x-axis. By sybstitution of (270}, (271), (272} and use of

the orthonormality of the component modes, equation (273) becomes:

: Va2 2 : ,
ILPnz(t) » My qél)(t) . gz_qn(zl (t) | (274)

In the above equation M., and M2 are one fourth of the masses of the

1 .
wing and the tail respectively, i.e. relative to half-length and half-
width of these components.

The potential energy of the airplane is:

' 2
‘ L 2 2 L. 1. .2, .2
U=1 { ! 630 (x,t)) dx + 1 Dy 1 i W3,
2 -L ax i=1  -L, -1, -, 2 2
. i i 3x )
| 2. 2 .2 2
W, W, W, -
+2(1-v) [ (271 ) -7 i ] dxdy] (275)
axay ax> £3% '

In a first step equations (270), (271), (272) are substituted into
(275), then use is made of the classical beam equétion in twisting, and

of equation (269) applied respectively to the wing modes and the tail



- 180 -

modes,

~ After lengthy algebraic manipulations, the potential energy is cast into

the form:
- 2 9 2 2 (i)z (1) 2
U=1 &% (G (n-1}" x Pn (t) + I DiLi Kn a, (t) ) (276)
2 n=1 L 4 i=1_—_3- .
1,
1

Finally, the‘continuity of the displacements and slopes between the com-
ponents has to be enforced. The slopes in the x direction and the
displacements are aiready zero because of the choice of antisymmetric
modes only, in the y-direction for the plates; as for the slope con-

ditions in the y direction they are:

oW

o(x,t) = 1 (x,0,t) - L sx< L
oy
awW
O{x,t) = 2 (x,0,t) - L, <x <L
_ 2 -7 =72
9y
The variational formulation of these conditions is:
Ll
o Wen et - M x,0,6) ) ax (277)
1 3y
L
1‘2 2) , W .
AT, t) Jolx,t) -2 (x,0,t) ] dx (278)
-L _ .
2 oy

)
o
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L (1) Ne

where and are the corresponding Lagrange multipliers. In

(2)

the present case A(lj(k,t) and X {x,t) are the generalized bending
moments per unit length, developed along the widths of the wing and
tail respectively and necessary to keep the continuity of slopes.

The integrals (277) and {278) are considered in a Dirac
approximation; the alternative procedures discussed in Chapter V are
prooved to be equally suitable but give rise to more elaborate com-

putations.

For this purpose, the following notations are introduced:

{1 . .
(x rJ r=1,R partition of the interval [—11, 11]
1
O N ORI
L L1
(2) ) s
(x>7) =1, | partition of [-1, 12]
(2) (2) (2)
rr _ L3 —
E ™ =X r Ed E T = X T
L L2

A{l)r (t), l(zjr(tJ: discrete values of A(lj and A[Z) at the corre-
sponding noints.

Then, the integrals (277) and (278) are approximated by:

R
: Wre e n-1 % ¢ Mon (279)

=1 11 on
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e B oI~

(2) 8 t - L (2),
AL [ o (EL.t) %_ 2 (£750,t) ] (280)

=1 1 9n

which can be written in modal form by use of (270), (271), (272) as

follows:
R e (1) (1., (1)
E_ hr E_ (Pn(t) Sntg‘r) T 4 (t) 8o (Er ,0) =0 (281)
r=1 n=1 1

1 an
R - _ (2} (2) {2) _
LD ey - Gy ) 92 e oy =0 28
r=1 T n=1 n n T

12 an

The subsequent Lagrange's equations are thus:

. | R
L ILP_(1) + gg'(n—ljz%?Pn(tj - izl(xr(l)en(g;) - Arcz)en(g;!))=0

L

- .y 2 . R {(1).45 (1) .
D.L. 1 X = ® .
L Mg (8) + Dili Kn[ ) qn[l)(t) sz e P w Moy 0,12 1,2
3 r=1 1.
1. i on
1
together with the continuity conditions (281) and (282)

The following harnomic behavior is assumed in the analysis:

|

3} i1
3
L

P_(t) o, lp"? ut

(1) .
1,2 (anIJ)i=1,2
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(1) _ < () DL
(Rr (t))i=%,2 = Ar X 121 X e

L

where oy is the mass density of the wing per unit area.

The following non-dimensional parameters arc defined:

(3) _ 2 ()2
I3 = w - Kn wz

Then the generalized coordinates are expressed in function of ATCI)

and Ar(z) from the equations of motion as follows:
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(1) (2)

R
T e (E' ) + X 8 (')
55 = - ¥y p=y T MOT T nor (283)
g (1)
n
; (i) (1)
R (1)
BRCORE N S T
a_ = r=1 T 73m . (284)
i=1,2
F {i+l)
n

Substitution of the above equations into the constraint conditions lead

to the eigenvalue equation and then to the frequency equation

det (A (w) ) =20 (285)

with the following representation of the eigenvalue tensor:

l1<r<R 3 l1<v <R

by @ = E rpmy 8,CE 8,61
ey
n
e e
. - .00
T 1Y 4y iR e (2) sy
= (500 5 e, o)
_F{2)



b ) =5 ypu e (£l e (g!)
n

o ()
n

.R+1<r<2R ; R+1<v<2R

o (2) (2 3¢ (2) (2)
1 1y 4 n N
™ n=1 (D e 2
n n

. Modal analysis for motions of the pitching type

Such motions are characterized by pure bending of the fuselage and
symmetfic behavior of the wing and tail about the x akis. The procedure
is similar to that of paragraph 2, except for the facts that free-free
beam modes in bending are‘used for the fuselage, and that the uncon-
strained plate modes are mow based on even Am(y).

Hence, equations (1} and (2) are still valid formally, but the sub-
scripts m and r are 1,3,5,.....
The bending displacements of the three components are sought

given by the series:

W(x,t) = & q,(t) ¢, (x) -L<x<L (286)
- n=1
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| A
b
| A
-

o = g M 0. Wy -1

=1 (287)

1
—
| A
!
| A
i

i=1,2

and thus the kinetic and potential energies of the structure are:

© © 2 C ) 2
T=112L (qu () + & Mi q, (t} ) {288)
2 n=1 i=1
2 L2 . 2
U=1F (BEIk?q%m+ & Dilyx ) ¢ Gy (289)
= = n ‘n . ———-"n n
2 n=1 3 i=1 3
L I.
i
where M is half of the fuselage mass, and EI its bending stiffness.

The above equations.are derived in a procedure similar to that
of the paragraph 2 and therefore the details of the computations are
omitted.

Because symmetric behavior of the wing and tail has been assumed
in equation (1}, the continuity of slopes in the y-directions between
components is automatically satisfied; the continuity of the dis-
placements and slope in the k-direction at the connections between

components is expressed by:

Wo(x,t) = W, (x,0,t) (290)
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Mt = M ot (291
ax X
for - Li <X j_Li and i =1,2

By following a similar procedure to that of paragraph 2, the
following expressions are obtained for equations (29}) and (291) in the

variational form:

R
2 o, 8@ e e - Mere P, Moy -0 o2
r=1 n=1
R . (1) D ) gy .
N A I I e o A RO DR
=] =] ———
n L L, AL

i |
2 T e e - P s P Py -0 e
r n

=1

: N A I o BN RN D RS I e
r n

=] ‘
L L2 9E

Also, the harmonic analysis in the Lagrange's equations assumes similar
~harmonic time dependence.

The following non-dimensional parameters are defined here:
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L - L ~ M _ M
61 B --1- ! 62 - ._1_ 3 ul = __l s U2 = __1_
L L2 M Mz
EI D,
3 7
_ ML _ Y 1
Ip1 - 3 w2 272
ey D,
4 1
"1h "1

W -
n n

R € 4¢1

() _ 20 ¢ )2
n n

(3 _ 2 (2) 2
= w - Kn wZ

The equations of motion are first solved for the generalized coor-

dinates:
g ey o=@ _(3) _(4)

a% - - Ar ¢n(5r)+61lr ¢n(€r)+kr ¢n(g;|)+5lkr ¢n(€r )
g (1
n

s @) 4, @)
W, Wy, 1) =1 3¢ (1)
RO Pyt e 0, o (5,000
r (2

n
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_(3), (2),, (@) @), @ )
AT '(gr‘ 20) + A __352 770

;3
n

and then the eigenvalue equations are found by substitution into
(292) - (295). The eigenvalue matrix is of order 4Rx4R, symmetric,
and its elements are:

l1<r<R ; 1<v<R

b= e e ), e D Do e P, Do)
n

TV =1
- (D @
n n

.1f_riR‘; R+1=<v=<2R

(1)

2% (1) gye W (D)
1 1 1 n E ’0 2 E 2 01
Cupdpt @0 () - (B 0% T 0D

(1) (2
R F )

, Arv (w) = L
n=1

. 1< <R ; 2R+1 < v < 3R

b =F o EDGREY)
ey
n

n=1

.l <r<R ; 3R+l <v < 4R
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Av () =

=g

ndy o' (BT e (€'

e (D

n

=1

. R+l < < 2R R+1 < v < 2R

(1) D, @
) 2 on e, (D gy 2 (5 O)
by @) = F 68,7 01, (81 D00 (1) 5 5E
e (D ey
1 n

. Rel < v <« 2R 5 2R+]1 < v < 3R

b ) - 3, (51 16" (8')
TV

3 ™8

8y

=1

. R¢el <r < 2R ; 3R+1 < v < 4R

L@ =E et e e @)
n

e (D)
n

. 2R+l < r < 3R ; 2R+1 < v < 3R

fy@ = E 0 a6 L us e, @00 D, oy

1

(1} (3)
F F_



- 191 -

., 2R+1 < r < 3R ; 3R+l 2 v < 4R

@ T st (@8 (B, w8y
n=1

(1) | (3)
F F

. 3R+1 <T < 4R ; 3R+l < v < 4R

so B (2) 3 Dz D0

‘ ' Tyt e 2 _n £
b0 =% w8 et (B e BN, syt g O O

=3 g

=1
(0 c3)
Fn Fn

Non-trival solutions for the Lagrange multipliers exist if:

D det ( Alw) ) =

i.e., for the natural frequencies of the structure.

. Discussion of the convergence of the method.

The main sources of error for the natural frequencies are the use
of a finite number of modes per component and the choice of a finite
number of points at which the constraints are applied.

An obvious way of solving the problem would be to give to both
parameters vefy large values form the beginning, but then the computation
may be too time consuming for the accuracy desired. A better approach

is to aim at optimizing the values of the two parameters based on‘pre-
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vious information acquired in the dissertatiom.

As a first remark, it can be noticed that the bending or torsional
free-free modes of the fuselage are analytically known functions and
are used only in elementary operations such as summation. Therefore,

a large number of these modes can be used without any loss in accuracy
or significant time increase.

The problem is much more complicated, however, for the plate modes.
The unconstrained modes are obtained by numerical techniques applied

‘ 2
to equation (?69), and therefore neither the Akm(n) (2) are

nor the Kn
rigourously known. As a consequence, it is desireable to avoid using a
larger number of modes than is strictly necessary, in order to minimize
the initial errors propagating to the final result.

The minimum. number of modes necessary is, of course, determined
by the number of natural frequencies desired and by the number of con-
straint points considered. For instance, if five constraint points are
considered along the width of the wing and the first three natural fre-
quencies are desired, at least ten degrees of freedom in the x-direction
should be used in the analysis, for a reasonably good accuracy. Obviously,
a suitable number of modes in the y-direction has to be considered as
well,

The purpose of this discussion is to suggest a systematic approach
for the optimum choice of plate modes versus points of constraint, for
the wing and the tail. The procedure is based upon convergence in a
limiting case, i.e. the case in which the fuselage behaves r.gidly and

therefore the constraints at the connections are most critical.
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The analysis of the Chapter V shows that by using five modes
thx) and five symmetric modes Yk(y), an unconstrained plate with
aspect ratio 2 can be considered clamped in the middle of the first
three natural frequencies with as little as seven constraint points.
The fundamental natural frequency is then predicted with less than
0.1% error, similar precisién is obtained in the second natural fre-
quency, and an error of only 0.4% is obtained in the third natural
frequency. If the plate has higher aspect ratio, an even smaller num-
ber of points should suffice for comparable accuracy. Therefore,
setting R=7 in the analysis of the pitching modes should be very satis-
factory for at least the first three natural frequencies. The order
of the eigenvalue matrix would then be 28, which is not unreasonable
for computations of such type.

The analysis of Chapter III indicates that for motions of the
Tolling type,a number of twenty antisymmetric modes should be u;ed
in the y-direction in order to obtain same accuracy in the natural
frequencies. This disadvantage is compensated by the féct that in this
analysis the eigenvalue matrix would be of order 14 only and hence the
total computation time should not be higher. Finally, it is also suit-
able to check the unconstrained plate modes for orthonormality at the
beginning of the numerical analysis in order to avoid possible errors

comming from an jncorrect numerical assumption.
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APPENDIX V

EFFECT OF THE ELASTIC SUPPORTS ON THE NATURAL FREQUENCIES

OF THE EXPERIMENTAL MODEL CONSIDERED IN CHAPTER IITI

Introduction

As discussed in Chapter 1II, the effect of the supporting springs
on the resonant frequencies of the rolling type can be completely
eliminated by a perfect allignment of these supports along beam (1}.

In the present study this is supposed to be the case and only the
corrections to the frequencies of the pitching type are considered.

The springs are supposed to be massless and perfectly elastic.

The analysis is developed by a Component Modes Method using La-
grange Multipliers. The notations of Chapter III are used in the
present analysis; some new notations are introduced below:
kl’ k2 : elastic constants of the two springs (the experiment was per-

formed with k1=k2 but generally this might not be the case).
Zl[t), Zz(t]: longitudinal rigid body translations due to the elongations

of the springs.

. Theoretical development

For the total system in which the supports are included, the

kinetic and potential energies are:

T=1 (¢ Man(t] + I g M éntl)%t) +
7 n=1 n=1,3 i=1 *
e 2 L (1) 2
PoT 1,1 P Y () (296)
n=1 i=1




2 .
oo 4 2 = 4 (i)
U=1( EIk ()" + & z (EI): k (t) +
Z n173 " " n=1,3 i=1 —— " *n
1
i
= 26 2 2 (1),.2,° 2 '
I oz i m-0° 1 r Mm% Kz 5 (297)
n=1i=1 7 7 i=1
i
The new continuity conditions are:
" @ (1) : .
7 (£)é_(£.) - L (t)é_(0) = O i=1,2 (298)
P (P hel,3 M n
Eoqmer g 2, Py e @) =0 i=1,2 (299)
n=1
L
(f Q) (1) -z(¢) =0 (300)
n=1
(¥ Q0 (1)) - z2,(t) =0 (301)
n=1

Equations (298) and (299) are found in the analfsis
developed in Chapter III, equations (300) and (301) ekpress the con-
tinuity of the displacements between the beam (1) and the supports
placed at the tips.

The Lagrange's equations of the system are:
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Y dé(t) ' E%rkn4 Q (€)= A9y (Ep) - Aty (5p) - s AT

L L
A ) _ _ _ -
- 44 n(Ez) 15 ¢n( 1) A ¢, (1) =0 {302}
L
() (E1), . 4 (i) -
. Mi 9 (t) + - i kn q, (t) + }\i¢n(0] 0 {(303)
Y
for i = 1,2 and n=1,3,5,...
[ - G i 22 -
L1, P ey + O mopy r p e 2,,40.(0) = 0 (304)
1.
i
for i =1,2
CKGZ () A, = 0 (305
for i = 1,2

. equations (298) - (301)

The physical interpretations of the Lagrange Multipliers Al, 12,
A3, A4 has been given in Chapter III; AS and hé are the internal
forces developed at the tips of beam (1) when connected to its supports
(this physical interpretation is particularly obvious from equations
(305)).

The equations (302) - (305) are solved for the generalized coordi-

nates, when harmonic time dependent motion is assumed as in Chapter TTI.

In particular:
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“Q-T\ = "/ul (Tld)n(gl) + Tz‘i’n(gz)"xsyl(bln(51)+T4Y1¢'n(£2) +

yES
n
A5¢n(_1)+;\6¢n(1))
e
n
aﬁ(l) - K&¢n(0) n=1,3,..
)
n
= (1) _ =
Pn = - A3v19n(0]
Gl
n
‘Ein(z) = uz)\z ¢n(0) n=1,3,---
@
n
Fn(ZJ = - YV 248,00)
ns
_ - _ M
Zl = <+ ASI‘US WIth Ips = 1 2
klm
- — . M
Z, = Abe with ¢, = 71 ;
k
w
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The resulting tensonial eigenvalue equation is

—_ - -
A (w) . A=0 (305)
where
+ —
A (X Rpavenennn. » A )

and A{w) 1is a sixth order symmetric tensor with the following matrix

representation:
- 2 2 ¢.%(0)
by =% by (B e £
n=l “——==— n=1,3" o (2)
(1) F
F n
n
iy = z by on (E1)8, (E5)
n=1 F (1)
n
b= E oy EGEDETED
13 11
n=1 F (1)
n
A14 =5 MY, ¢n(51)¢'n(€2)
n=1 r (1)
n

n=1 F {n
It

A16 = Em ”1 ¢H(E1)¢D(1)
n=1 B (1)
Il




22

23

24

25

26

33

34

35

36

= 48
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2 -
uy o 9 (8, + & ',

=1 BRLINRINCIEN |
Y
n

27 vy 8 (606, (6))
n=1 )

F

n

E uyYy o1, (Ex)4 ()
F (D
n

E w4000
¢V
n

£ o
St e e ()

O
n

(u1Y12 ¢'nE£1}2 + vy
g (1)
n

2 ., '
Wiy, ¢ n(£1)¢ n(Ez)

F (1)\.
n

ulY]_ ¢'n(-1)¢"n(gl)
=1 g (1)
' n

E Yy (et (&)
= (D
n

)

o
)
n

2
5,°(0)

N
n
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2
© 8 0
344 =I (Hlle ¢’n2(52) MRAAD) n (5] )
n=1 —-'"f"ﬁ""‘ F()
F n
n
By = g - ¢n(-1)¢'n(52)
n=1 g (1
n

n=1 1)
F
T

w 2
n=1 —_—y
F
(a]

Bee = 5wy 8 (e (-1
=1 M
F
T
2
= ¢ (1)
A, =(Z  w, mTye
66 " 1—-—-F a8
n

For given values of k., and k2, the natural frequencies of the

1

supported structure are solutions of
det (A(w) ) =20

. Remark
The foregoing analysis can be easily extended to the case in
which the structure is resting on two beam-like elastic foundations

perpendicular to beam (1).
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In such a case, ( ki’ Zi b 521 .2 Aare substituted in the analysis
by the free-free frequency parémeters and combinations of normal modes

and the additional generalized masses terms appear in the kinetic energy.
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APPENDIX VI

EFFECT OF THE MASSES AND INERTIAS OF THE ENGINES ON THE NATURAL

FREQUENCIES QF THE LOCKHEED L-100 MODEL CONSIDERED IN CHAPTER III.

1. Introduction

In the analysis of the L-100 model considered in Chapter IIT the
effects of the engines were ignored. This omission was intended only
for the purpose of computational simplicity and the present analysis
indicates the modifications to be made in the previous theoretical
study in order to take into account the masses and inertias of the
engines,

The Lockheed L-100 Hercules is equipped with four 4,050 eshp Allison
T 56-A-7A turboprop engines whose characteristics are given in Ref. (32}.

A schematic representation of the atructure is illustrated below:
*

(2N s

Because the geometrical symmetry of the structure is preserved,
motions of the rolling and pitching type can be studied independently.

2. Effect of the engines on the rolling natural frequencies

Additional notations to those of Chapter I1I are now introduced:
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: location of the engines along the span of the wing
m : mass of each engine

Zl(t),Zz(t) : plunging displacement of the engines

Ix : moment of inertia of each engine about its axis of symmetry
al(t),uz(t) : angular rotation of the engines about the axis previously
defined.

The presence of the engines accounts for an additional term in the

expression of the kinetic energy given by equation (41};

_ ., 2 2 "2 c 2
Tengines - mE(zl (t) + Zl (t)) + Ix( C"l (t) + 0‘.2 (tj ) (306J
while the expression for potential energy given by equation (43) remains
unmodified.
Additional constraint conditions expressing the continuity of dis-

placement and slope at the connection points along the wing span are:

(:2::2 . qnm (t)o,(ny) ) - Z;(t) = 0 (307)
(¥ D 4)e ) ) - 2,(8) = 0 (508)
n=2,4 Y n'"2 2
® Wty ¢ ) -a () = 0 3
¢ % 4 ntNyl)-o (309)
n=2,4 T
1
) (1) -
(3 % Mg ) - e, =0 (310)
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and (44 Jie,. . .4

generalized forces developed at the points of constraint.

Lagrange's equations are:

* 2 2 _
LI Pn(t) + GJ (n-1) E_Pn(t)— Asen(gl) - A4en(£2) = 0

L ]
(1) (EI} 4
CMpq ) 4 1 k_
1% 1
1 1
_hppt (ng) - A, (ny) =0
ﬂ2¢n(n2) 3" n1 4 " n11
11 11

M éé(z)(t) (ET), kn4 qn(2) () + iﬂ.¢'n(03 -0

2
3
12 12

. sz 2, (8) + A =0

ZmE 22 (t) + A, =0

. 2 Ix ul(t) + A, =0

.2 Ix az[t) + A, =0

are the corresponding Lagrange Multipliers, or

The modified

(311)

qn(l)(t) + ii qt)'n (0) - A1¢n (nl) -

{312)

(313)

(314)

(315)

(316)

(317)

We assume harmonic motion as defined in Chapter II1 and introduce

the following new non-dimensional parameters:
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§£ and a;ch remain as defined in Chapter III, but:

M. Xgo' (0) = Byo (ng) - Bye (np) - Kpd' (ng) - Kyt (n,)- (318)

T
w” -k,

and

(Z. ). = u; (Ai)'=1,2 (319)

— *
(@5)51,2 = V2 y)5.;,4

2
w

(320)

Substitution of (318), (31%9), (320}, ?; and ah(z) inte the constraint
equation leads to the eigenvalue matrix and hence to the frequency
equation for the new configuration.

The natural frequencies obtained in Chapter III are found as
particular solutions of this frequency equation, in the case where

n, = = 0, by factorising out the non-identically zero determinant.

1- ™

. Effect of the engines on the pitching natural frequencies

The problem is slightly more complex in this case because additional
degrees of freedom have to be allowed for the engines, namely rotations
about the y-akis.

Let
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Iy : mass moment of inertia of each engine about the y-axis
Bl(t),sz(t): angular rotations of the engines about the y-axis.

The presence of the enginescorresponds to an additional term in

the kinetic energy:
_ 2 -2 ) 22
T=mp (2,°06) + 2,7 (0)) * I, (o (£) ) (1)) +

Iy(élz(t) + 8,70t (321)

but the potential energy of the overall structure remains unchanged.

The new additional constraint conditions are:

RO I R HORE (322)
(% (1) ¢ (1)) - Z,(t) =0 (323)
(t) 2 2

n=1,3 n n

(f - pPwe o) -8 - (324)
2 (1) ]

RO IR AOR (325)
. o

(2 I e ) - = (326)
n=1 11
. o D .

(T (8) 8" (n,)) - ay(t) = (327)
n=1

From this point on same procedure as previously applies, and

therefore the details will be omitted.
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4. Conclusiocn

The eipected changes in the natural frequencies due to the presence
of the engines can be discussed on a qualitative basis even before
performing the numerical computations.

Because mass and inertia has been added to the structure, the
new natural frequencies are expected to be lower than those computed
in Chapter III (ef. Ref. (45), p.83)

In particular, the first natural mode of the structure was sﬁown
to be essentially a wing mode; consequently, its corresponding natural
frequency is expected to change by a larger amount than the natural fre-
quencies corresponding to modes in which the elastic behavior of the

fuselage or tail is predominant.
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APPENDIX VII

EVALUATION OF INTERNAL FORCES (SHEAR AND BENDING MOMENTS)

ILLUSTRATED FOR A CANTILIVERED BEAM,

Introduction

The Rayleigh-Ritz Component Modes Method using Lagrange Multipliers
is characterised by two main factors.

{1) The use, for each component, of its unconstrained modes for
determining the deformation in each overall structural mode.

(2) The identification of the Lagrange Multipliers as the shear forces
and .bending moments at the points of constraint,

The computational advantages introduced by (1} are particularly
clear at the stage in which the constraint conditions have to be written.
In the one-dimensional case of beam structures for instance, the bound-
ary condi£ions satisfied by the free-free modes are such that the con-
tinuity of the second and third derivatives of the bending displace-
ment is automatically satisfied. This results from the fact that
W"(x) and W'''(x) (with the notations used in Chapter II), have zero
value at the points of constraint, as given by the Rayleigh-Ritz
expansion. Obviously, the bending moments and shear forces which are
proportional to W't and ¥W'!' should not be zero on physical grounds,
and consequently the problem which arises is that of the convergence
of W"(x).and W'''(x) as given by the method. This problem is also
connected to (2) above.

For the sake of clarity, the author has chosen to illustrate

the convergence analysis on a conceptually simple case, which is that
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of a cantiliver beam. - In other words, the problem is studied for one
constraint point.

. Convergence of W'' and W''' illustrated for a cantiliver beam.

Consider a beam of span L, 0 < x < L, clamped at the end x = 0,

as shown in the figure below.

The treatment of this problem is based upon seeking mode shapes

as given by the expansion:

W) =L g e (x) N £
n=1

subject to the constraints:

® - ) (3a%)
I q ¢ (0) =0
n=1

12 a4y #0000 =0 (330
n=1
By prdceeding as stated in Chapters II - IV, the Lagrange multi-

pliers and generalized coordinates are determined, and consequently

the functions
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and

Wit = Ioqpeptt ()

=1

3 ™8

are also determined.

The variations of W''(x) along the beam span in the fundamental
mode is represented in Figure 51; the different curves correspond
to the number of modes considered in the analysis which is indicated
along the curve. The exact variation of W“‘(k) can also be seen,
as given by Reference (21).

Two fundamental remarks can be made:

(a) As the number of modes considered in the analysis increases, W (x)
to the known exact result except in the neighborhood of x = 0.

(b) However, the exact value of W!'!(0) given by Reference (21)

W''(0) = 0.8), is only 8.75% higher than the value of the corresponding
Lagrange Multiplier, obtained in a 40-modes analysis.

This fact is not Surprising, as the value of ié/ii {the Lagrange
multipliers associated with equations ¢329) and ¢330) is precisely
that of the bending moment at x=0 (up to multiplication), i.e.

X /R) = W0).

Hence, as shown in Figure 51, the method offers a good representation
of WW'(x) as the number of modes increases; moreover, because the
ratio Téfflis computed in the process, it is possible to have an
insight on the convergence of W'' without even having to actually
evaluate ﬁ"[x) along the span. For fairly complex structures, this

fact represents a significant saving in computation time and effert.
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Figure 52 shows however, poor results for the convergence of
W''' (as expected, the rate of convergence becomes slower as the order
of the derivative of W increases), but the value of the Lagrange mul-
tiplier predicts much better the value of W'''(0) than the direct
result as it can be seeﬁ in the figure. This emphasizes again the

convenience of using the Lagrange multinliers in the method.

3. Generalization and conclusions

The convergence results obtained in the one-constraint point-
analysis can be readily generalized for the cases in which the iso-
perimetric (constraint) conditions have to be applied at more than
one point. A behavior of the‘type observed in Figure 51 is expected
to occur in the neighborhood of each of the constraint points, with
the values of W'' and W''' at the constraint points given by the
values of the Lagrange multipliers associated with the particular
constraint equation.

The following picture may help illustrate this statement.

This picture is drawn for the model of the rotor blade considered

in Chapter II, in the fundamental mode.

n
af (XD CEAACT SOLOTION

(O S HUMERICAL SOLUTION
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The type of behavior shown above can be e;cpla‘ined from a mathematical
point of view by the uniform convergence of the serie giw;‘ing W(x) al-
most everywhere, i.e. e;ccept' at the discrete numEer of constraint
points. As a consequence, for éxample,

W''(x) if x is not a constraint
N+ = point

q, "' (x)

b= 1o I

"Lagrange

——+ multiplier othexfw1se
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APPENDIX VIII

EFFECTS OF FINITE CROSS-SECTIONAL DIMENSIONS ON BEAM INERTIAS AND CON-

STRAINT CONDITIONS

For structures of the type shown below:

» -
S S
dg IL Loy
- «
L 2
r“/-'
B o
‘ T T e e e o
Cﬂ;/Lx”' —
A
e 7

where, in contrast to the assumptions of Chapters III and 1V,
the points A and B, C and D do not coincide, it may be necessary to
include additional {rigid) body degrees of freedom in the analysis
as shown in the Figure. The corresponding additional term in the

kinetic energy is:
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2
L . 1 .
T = 1 [[f (o2 +#vdn+f (y2+y?)dn »+
add - -2 1
1
L2 .
[ 2+ v®) dm ]
-2, 2 2 2

and the following constraint conditions must also be included:

u (B) = u(A) - d 06(A)
1 1
u (D) = u(C) -d o)
2 2
v (A) =v (B) +d © (B)
1 1 1
v(C=v (B)+d 0 (D)
1 2 2

It could be argued that a similar treatment would be necessary also for the
experimental model considered in Chapter III or for the L-100 model of
the same Chapter. Although this is strictly true for the kinetic
energy, such an analysis would be inconsistent with point constraint
conditions.

Indeed, if we consider the experimental model recalled by the

sketch which follows:



[
{f S - il . . di
_ / 7 e
// h
; ‘ s 2 /fl
££: F, Fo ac,
7 : 4

we see that h << 2¢ h << 2¢, h << 2cC .
1 1 2 2

For this structure, if it is desired to include the thickness effect,
then care has to be taken to express the contraint conditions consistently.
Namely, the constraint conditions between beams (1) and (2) should hold’
on the entire area F F F F and similarly the constraints between beams
(1) and (3) should hildzatsali points of the rectangle G G G G . of
course, this induces a severe penalty on the numerical cémpitaiiois; the
latter problem can be avoided by reducing the analysis to point contraint

conditions as indicated in Chapter III.

Similarly, for the L-100 model recalled below:
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where ¢+ h and ¢ are of the same order of magnitude, the analysis
includihg tie crosi-sectional dimensions should be applied consistent
with constraint conditions formulated along the entire line H H .
Among the other numerous ways in which the aforementioned strictires
can be modeled, very interesting alternative possibilities are:

- plate representation for all components of the experimental model

- shell representation for the fuselage of the L-100 and plate re-

presentation for the lifting surfaces.
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FIGURE 32, - LOCKHEED L-100 ("TIVIL HERCULES)
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FIGURE 37. - CONCEPT OF A PIVOTING-WING SST FOR COMMERICAL OPERATIONS
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3) shows the model in flight with the wing at 45 deg.
Burnett L. Gadeberg of Ames controlled the
model.

Variations of wing angle up to and beyond 45
deg produced no apparent changes in stability and
only a slight change in lateral trim—requiring a 1-
or 2-deg offset of the ailerons. Elevator and aileron
effectiveness remained normal and we observed no
change in longitudinal trim.

Ordinary maneuvers such as loops and rolls were
performed without difficulty at wing angles of 45
deg. Coupling between longitudinal and lateral
motions did not appear in aileron rolls, but was
quite apparent in the response to elevator control.
Thus loops performed with the wing at 45 deg
appeared to take the form of a 45-deg helix,
indicating that the rotation produced by the
elevator tends to align with the long axis of the
wing. With the left tip forward, use of the elevator
in a left turn tended to steepen the bank angle.
Analysis shows that in this case a certain amount of
aileron deflection must be employed with the
elevator to prevent banking toward the forward tip.

Varying the sweep by turning the wing as a whole
has several practical advantages over the usual
“swing wing" design. It keeps the wing structure
continuous across the pivot and makes the primary
load on the pivot tension. With separate wing
panels pivoted at the root, however, much greater
loads develop on the pivots (F-6). Also, sweeping
the wing panels back for high-speed flight
displaces the center of lift rearward, compounding
the normal rearward center-of-pressure shift at

F-6 CONTINUOUS WING STRUCTURE; NO
BENDING LOAD ON PIVOTS

!

F-7 CENTROID OF LIFTING AREANOT DISPLACED
BY ROTATION

F-8 STRAIGHT-BEAM STRUCTLURE.
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ABSTRACT

The free vibrations of elastic structures of arbitrary compleiity are
analyzed in terms of their component modes. The method is hased upon the
use of the normal unconstrained modes of the components in a Rayleigh-Ritz
analysis., The continuity conditions are enforced by means of Lagrange
Multipliers. Examples of the structures considered are: beams with non-
uniform properties, airplane structures with high or low aspect ratio
lifting surface components, the oblique wing airplane as proposed by
R.T. Jones, and plate structures.

The method is also applied to the analysis of modal démping of
linear elastic structures. Convergence of the method versus the number
of modes per component and/or the number of components is discussed; the
method is compared to more conventional approaches, to ad-hoc methods for

some examples, and to experimental results.





